
JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 4, July 2021

Coordinated Operation of Concentrating Solar
Power Plant and Wind Farm for Frequency
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Abstract——As a dispatchable renewable energy technology, the
fast ramping capability of concentrating solar power (CSP) can
be exploited to provide regulation services. However, frequent
adjustments in real-time power output of CSP, which stems out
of strategies offered by ill-designed market, may affect the dura‐
bility and the profitability of the CSP plant, especially when it
provides fast regulation services in a real-time operation. We
propose the coordinated operation of a CSP plant and wind
farm by exploiting their complementarity in accuracy and dura‐
bility for providing frequency regulation. The coordinated oper‐
ation can respond to regulation signals effectively and achieve a
better performance than conventional thermal generators. We
further propose an optimal bidding strategy for both energy
and frequency regulations for the coordinated operation of CSP
plant and wind farm in day-ahead market (DAM). The validity
of the coordinated operation model and the proposed bidding
strategy is verified by a case study including a base case and
sensitivity analyses on several impacting factors in electricity
markets.

Index Terms——Concentrating solar power, wind power, fre‐
quency regulation, electricity market, bidding strategy.
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Thermal efficiency for rankine cycle

Real-time energy market price at time t in sce‐
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Regulation market capacity price at time t

Regulation market performance price at time t

Unit investment cost of concentrating solar
power (CSP) plant

Unit investment cost of wind farm
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Compensation fee for regulation capacity

Penalty cost of real-time deviation at time t

Compensation fee for regulation performance

Normalized regulation signal at time k

Direct solar irradiation intensity at time τ in sce‐
nario s

Regulation performance score

Mileage ratio for regulation resource

The maximum/minimum output power of CSP

The maximum available wind power at time τ
in scenario s

Rated capacity of wind farm

The maximum/minimum thermal storage capaci‐
ty of thermal energy storage (TES)

Initial heat storage level of TES
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C. Decision Variables
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The maximum charging/discharging rate of TES

Upward/downward ramping capability of power
block (PB)

Area of solar mirror field

Reserved regulation-down capacity for CSP
plant at time τ in scenario s

Reserved regulation-down capacity for wind
farm at time τ in scenario s

Capacity bid in day-ahead energy market at
time t

Capacity bid in regulation market at time t

Aggregate real-time energy base point at time τ
in scenario s

Real-time energy base point provided by CSP
at time τ in scenario s

Real-time energy base point provided by wind
power at time τ in scenario s

Output power of CSP plant at time τ in scenar‐
io s

Thermal energy absorbed from solar field (SF)
at time τ in scenario s

Thermal energy of PB from SF at time τ in sce‐
nario s

Thermal energy of TES from SF at time τ in
scenario s

Thermal energy curtailed by SF at time τ in sce‐
nario s

Heat storage level of TES at time τ in scenario s

Thermal energy of PB from TES at time τ in
scenario s

Reserved regulation-up capacity for CSP plant
at time τ in scenario s

Reserved regulation-up capacity for wind farm
at time τ in scenario s

I. INTRODUCTION

ENVIRONMENTAL aspects of thermal power genera‐
tion has been the subject of more scrutiny since renew‐

able energy sources such as wind and solar find their way
and gain more clout as part of the power generation mix in
many countries. The European Union (EU) has proposed a
26%-34% increase by 2030 in the utilization of renewable
energy [1]. The US Department of Energy (DOE) has also
envisioned a scenario that wind energy can generate 20% of
the nation’s electricity by 2030 [2]. However, as convention‐
al generators are replaced by large-scale renewable energy
sources, there is an increasing level of concern on the ade‐
quate provision of ancillary services such as frequency regu‐
lation in power grid.

Several studies have shown that a wind turbine can con‐
trol its active power output through rotor inertia [3], over-
speed [4], and pitch [5] to provide frequency regulation. A

method is proposed in [3] to allow a variable-speed wind tur‐
bine to simulate inertia and support frequency regulation.
The required power is obtained from the kinetic energy
stored in the rotating mass of turbine blades. In [6] and [7],
a de-loading control scheme is proposed for combining over-
speed and pitch, which enables a wind turbine to provide fre‐
quency regulation using pitch angle or frequency droop char‐
acteristics. However, when a wind unit reserves some capaci‐
ty for providing regulation services, the wind turbine needs
to be in the de-loading state [8], which may waste some
wind energy. Therefore, bidding strategies would have to be
carefully designed to maximize the expected payoff when a
wind farm participates simultaneously in both energy and
regulation markets [9]. The revenue of a frequency regula‐
tion provider is directly proportional to its market perfor‐
mance to provide regulation services, which is an important
incentive mechanism for encouraging a wind farm to partici‐
pate in regulation market [10]. However, compared with con‐
ventional generators, the frequency regulation performance
of a wind unit is not only related to the absolute level of its
available power, but also affected by its real-time energy
base point and available reserve capacity. So, there is still a
performance gap between wind power generation resources
and conventional thermal generation resources.

Concentrating solar power (CSP) technology is one of the
ways to efficiently harness solar energy. Unlike the photovol‐
taic (PV) technology, a CSP plant, which is usually equipped
with a large-capacity thermal energy storage (TES), offers a
valuable energy capacity [11]. By the end of 2018, the glob‐
al installed CSP capacity had reached 5.5 GW [12]. Accord‐
ing to the International Energy Agency (IEA), by 2050, the
world’s CSP capacity will account for 11.3% of the world’s
total power generation capacity [13]. A CSP plant can use so‐
lar energy without increasing the grid uncertainty, which
makes it a dispatchable resource for continuous and stable
power generation [14]. More importantly, a CSP plant with a
fast ramp rate and short downtime/uptime has better regula‐
tion characteristics than a thermal unit [15], [16]. However,
the output of CSP plant will have to be adjusted frequently
when providing frequency regulation, which will be detri‐
mental to the stable operation of the steam turbine in the
power block (PB) of a CSP plant. Therefore, a reasonable
operation strategy would have to be formulated when consid‐
ering the participation of a CSP plant in regulation market.

When CSP and wind power both provide frequency regu‐
lation, they can exhibit complementary characteristics in
terms of accuracy and durability. The accuracy refers to the
regulation signal tracked in a timely and unbiased manner.
The durability refers to the regulation signal tracked for a
long time. A CSP plant with its inherent dispatchability ex‐
cels a wind unit in frequency regulation accuracy, although a
wind unit provides regulation services which can be adjusted
easily without increasing its fatigue loads [17]. Therefore, a
wind farm can work in tandem with a CSP plant to provide
a bid into the regulation market in which case a reasonable
operation strategy will help improve the economics and the
frequency regulation accuracy of the joint venture. The coor‐
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dination of CSP and wind power offers significant potentials
[18], especially in places where wind power resources and
direct solar irradiation (DSI) are abundant. Reference [18]
studies a coordinated operation of wind farm and CSP plant
in western Texas, USA, and demonstrates that the coordinat‐
ed system has a high capacity factor due to the negative cor‐
relation of regional wind and solar power. Reference [19]
proposes a short-term self-scheduling model for CSP plants
and wind farms to partake in day-ahead coordinated energy
and spinning reserve markets, but it does not formulate a rea‐
sonable bidding strategy for the participation in energy and
regulation markets.

Considering the above issues, this paper proposes the coor‐
dinated operation of CSP plant and wind farm to provide fre‐
quency regulation according to the complementary characteris‐
tics of wind power and CSP, and formulates a performance-
based optimal bidding model for the frequency regulation strat‐
egy of the coordinated system in day-ahead market (DAM).
Additionally, the model ensures that the TES of CSP returns to
its initial heat storage level at the end of the trading day. The
case study results demonstrate the significant benefits of the
coordinated system to provide regulation services. The contri‐
butions of this paper are summarized as follows.

1) We propose to provide frequency regulation by the co‐
operation of wind farm and CSP plant, and construct a two-
stage stochastic model for the coordinated bidding of wind
power and CSP in DAM (in the first stage) with the simula‐
tion of real-time operation that considers the variability of
wind power in the second stage.

2) We propose a coordinated strategy which prioritizes the
wind power durability to respond to regulation signals and
exploits the accurate CSP regulation capability to compen‐
sate any inefficiencies in the coordinated offer.

3) We propose an optimal bidding model for a coordinat‐
ed system with performance-based regulation and deviation
penalty mechanism in the proposed real-time frequency regu‐
lation strategy.

The rest of the paper is organized as follows. The techni‐
cal benefit of coordinated system for frequency regulation is
introduced in Section II. The framework of the market and
the optimal bidding model for the coordinated system is es‐
tablished in Section III. In Section IV, the validity of the
model is verified by the study case. Conclusions are given
in Section V.

II. TECHNICAL BENEFIT OF COORDINATED SYSTEM FOR

FREQUENCY REGULATION

In this section, we present the proposed coordinated opera‐
tion of the CSP plant and wind farm and maximize its reve‐
nue by properly bidding in the energy and regulation mar‐
kets based on corresponding market prices and the available
wind energy. This is based on the observation that CSP plant
and wind farm are highly complementary in terms of accura‐
cy and durability for providing frequency regulation in the
regulation market.

A. Frequency Regulation Characteristics of Wind Power

The output of a wind turbine is determined by its pitch an‐
gle and rotor speed, as the turbine works in its maximum
power point tracking (MPPT) mode. The wind turbine can
support frequency regulation through the de-loading control
[8], which has to give up its ability to capture the maximum
available wind power. Thus, there will be a tradeoff between
the lost revenue due to wind power curtailment and the in‐
creased revenue for providing frequency regulation.

The frequency regulation accuracy of a wind turbine is af‐
fected by its available energy, reserved capacity for provid‐
ing regulation service, and a performance score reflecting
the frequency regulation accuracy which can reach 0.7 to 0.8
[20]. Although this performance score can meet the basic re‐
quirements of frequency regulation, there is still more room
for improvement. In addition, the regulation revenue is di‐
rectly proportional to the performance score, which provides
a strong incentive for a wind farm to improve its frequency
regulation accuracy by increasing its performance score.

B. Frequency Regulation Characteristics of CSP

CSP is one of the non-fossil fuel technologies with prom‐
ising applications. It does not increase the uncertainty of the
system. Instead, it exploits the energy storage characteristics
of TES to make solar energy a dispatchable resource [21].
As a dispatchable renewable energy resource, a CSP plant
has a similar ramping capability to that of a gas-fired genera‐
tor which can reach a maximum 20% of the installed capaci‐
ty per minute [15]. This is better than the allowable ramping
rate of most conventional non-gas generators [22], which en‐
ables a CSP plant to track the regulation signal accurately.

C. Coordinated System for Frequency Regulation

Designing a reasonable frequency regulation operation
strategy not only maintains frequency stability, but also
brings potential benefits to the coordinated system. Based on
this idea, a cooperation strategy of wind power and CSP for
participating in the energy and regulation markets is pro‐
posed. Figure 1 presents the real-time coordinated bidding
strategy of a coordinated system for providing energy and
regulation service in DAM, where wind farm and CSP plant
jointly provide energy and regulation services to DAM. In
the energy part, the coordinated system submits an aggregate
energy base point to the independent system operator (ISO)
for every time period τ, which is equal to the sum of the
CSP energy base point and wind power energy base point.
For the regulation part, the coordinated system would track
the normalized regulation signal Greg

k , where wind power has
a higher regulation durability for responding to the regula‐
tion signal. When the regulation power is insufficient or inac‐
curate, there will be a deviation between the reserved capaci‐
ty and the regulation command, or a deviation due to the
control error of the wind power, in which case the CSP com‐
pensates with a higher regulation accuracy. Finally, the ag‐
gregate frequency regulation output submitted by the coordi‐
nated system is equal to the sum of the reserved capacity
provided by the wind power and the adjusted capacity pro‐
vided by the CSP.
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The frequency control error of the wind power in real-
time operation εreg

k is due to the intermittent or insufficient
output of wind power, which is assumed and simulated as a
random variable. The actual output of the CSP plant will be
varied in real-time operation to compensate the control error
of the wind, and the deficiency, if any, of the committed reg‐
ulation capacity of the wind in DAM as compared with the
required regulation capacity in real-time operation. The fre‐
quency regulation output of the CSP plant, denoted by
pregCSP

k , is shown in (1), in which the regulation-up/regulation-
down capacity is considered half of the committed regula‐
tion capacity preg

t .
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k Î [ ττ +Dτ ] τÎ [ tt +Dt ] (1)

The coordinated strategy takes advantage of the accuracy
of CSP plant and the durability of wind turbine in providing
regulation services, which can provide more regulation ca‐
pacities, and accordingly higher profits as compared with the
independent operations of the CSP plant and wind farm.

Note that the level of control for the cooperation strategy
of the coordinated system in (1) is for the real-time opera‐
tion in time resolution of k. Thus, k will not show up explic‐
itly in the bidding model of the coordinated system in DAM
(hourly) and real-time operation (15 min) as will be dis‐
cussed in the next section. However, the improved perfor‐
mance score will indirectly affect the bids and the profitabili‐
ty of the joint system in DAM and real-time operation,
which will be demonstrated in case study.

III. ECONOMIC BENEFIT OF COORDINATED SYSTEM

FOR FREQUENCY REGULATION

A. Market Framework

1) Market Mechanism
We assume that the coordinated system is treated like oth‐

er market participants which submits hourly energy and regu‐
lation bids to the ISO in DAM. The DAM time index is t
and its time resolution Dt is 1 hour. The time index for the
real-time operation is τ and its time resolution Dτ is 15 min.
The regulation signal is a normalized signal which is updat‐
ed every 2 s [23]. The time index for the regulation signal is
k and its time resolution Dk is 2 s. The coordinated system
with a relatively small capacity is considered as a price-taker
in this paper, which means its bidding behavior has less in‐
fluence on the market clearing prices of the markets. Further‐
more, the markets are cleared according to the bids of all
market participants.
2) Compensation Mechanism in Regulation Market

The compensation mechanism in regulation market is as‐
sumed to follow a two-part payment for regulation resourc‐
es: capacity payment and performance payment [24]. The ca‐
pacity payment is compensated according to the committed
regulation capacity preg, which is expressed as:

F cap = πcap preg K perf (2)

In the electricity market such as PJM, the performance
score will be calculated by the ISO through a performance
score calculation engine (PSCE) for each regulation resource
after the operational hour and the score is reported to re‐
source owners [23].

F perf is compensated according to m and committed regula‐
tion capacity, which is expressed as:

F perf = πperfmpreg K perf (3)

3) Deviation Penalty Mechanism in Energy Market
A penalty mechanism is assumed to settle the energy devi‐

ations between day-ahead bidding and real-time operation
[25], which is expressed as:

F p
t = απ e

t ∑
τÎ [ ]tt +Dt

| pe
t - pr

τ |Dτ (4)

B. Bidding Coordination Strategy for Frequency Regulation

In this paper, the proposed operation of the coordinated
system maximizes its revenue by properly bidding in the en‐
ergy and regulation markets based on the corresponding mar‐
ket prices and the available wind energy.

The DAM is cleared according to hourly market bids.
However, the available wind power can fluctuate drastically
in real-time operation. Furthermore, the regulation perfor‐
mance of wind power is calculated using its real-time energy
base point, which can also be set to be 1 hour. Accordingly,
the wind power frequency regulation capability will be limit‐
ed by its minimum available output within 1 hour. Other‐
wise, its frequency performance will be reduced significantly
due to insufficient wind power. As shown in Fig. 2, when
the bidding time resolution is smaller than 1 hour, the real-
time energy bid or the energy base point provided by wind
power in real-time operation is more flexible, and the shaded
zones demonstrate the difference for the two time resolutions.
In this paper, we assume the real-time resolution is 15 min,
and a wind farm submits the real-time energy base point of the
bid to the ISO. The submitted base points will be accepted by
ISO because the coordinated system is a price taker.
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Fig. 1. Coordinated strategy of a coordinated system.
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1) Objective Function
In this paper, the objective function is to maximize the in‐

come F of the coordinated system, which is equal to the in‐
come of each market minus the penalty cost. Note that real-
time decision will vary in each real-time scenario, but the
day-ahead decision will be the same.

max F =∑
sÎ S
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é
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ù
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2) Constraints
1) Operational constraints of CSP plant [21], [26]: the

CSP plant consists of SF, TES, and PB. The energy is trans‐
ferred between the different modules by heat-transfer fluid
(HTF). The operational constraints of CPS are stated in (10)
and (20), where the thermal energy received by SF is defined
in (10)-(11). Constraints (12)-(17) keep track of the TES stor‐
age level and enforce the limits, where z TES

sτ indicates the TES
status with 1 for discharging and 0 for charging. The operation‐
al constraints of PB are defined in (18)-(20).

QSF
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pCSP
sτ = ηCSP (QFE
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min £ pCSP

sτ £P CSP
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downDτ £ pCSP

sτ - pCSP
sτ - 1 £RPB

up Dτ (20)

One important CSP parameter for the participation in the
electricity market is the TES level at the end of the trading
day. We consider that the TES of the CSP plant returns to its
initial level at the end of the trading day. The constraints are:

QTES
sτ =QTESinit +QFS

sτ -QSE
sτ τ = 1 (21)

QTES
sτ =QTES

sτ - 1 +QFS
sτ -QSE

sτ "1< τ £Nτ (22)

QTES
min £QTES

sτ £QTES
max (23)

QTES
sNτ

=QTESinit
(24)

Considering the ramping constraints of CSP plant, its regu‐
lation-up/regulation-down capacity should not exceed a per‐
centage ηregCSP of the maximum output, which is expressed as:

DregCSP
sτ £ ηregCSP P CSP

max (25)

U regCSP
sτ £ ηregCSP P CSP

max (26)

In addition, the regulation-up for the CSP plant is either
half of the total regulation or the available regulation-up,
whichever is smaller, as shown in (26). Similarly, the regula‐
tion-down for the CSP plant is either half of the total regula‐
tion or the real-time energy base point, whichever is smaller,
as shown in (27).

U regCSP
sτ =min (0.5pregCSP

k P CSP
max - prCSP

sτ ) (27)

DregCSP
sτ =min (0.5pregCSP

k prCSP
sτ ) (28)

2) Operational constraints of wind farm: wind power out‐
put cannot exceed its available capacity, which is expressed as:

prw
sτ +U regw

sτ £P w
sτ (29)

prw
sτ -Dregw

sτ ³ 0 (30)

Similarly, considering the wind farm ramping constraints,
its regulation-up/regulation-down capacity should not exceed
a percentage ηregw of the available capacity, which is ex‐
pressed as:

Dregw
sτ £ ηregw P w

sτ (31)

U regw
sτ £ ηregw P w

sτ (32)

3) Operational constraints of the coordinated system: CSP
plant and wind farm should have sufficient power for the
committed regulation capacity in DAM.

U regw
sτ +U regCSP

sτ ³ 0.5preg
t (33)

Dregw
sτ +DregCSP

sτ ³ 0.5preg
t (34)

The aggregate energy base point submitted by the coordinat‐
ed system is equal to the sum of the respective energy base
points:

pr
sτ = prCSP

sτ + prw
sτ (35)

3) Solution Methods
The proposed optimization model is solved by CPLEX.

IV. CASE STUDY

A. Case Description

The coordinated system in this case study consists of a
wind farm with an installed capacity of 200 MW and a CSP
plant with a maximum power output of 50 MW. The parame‐
ters of the CSP plant are shown in Table I. It is assumed
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Fig. 2. Illustration of bidding capacity in different time resolutions.
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that m is 5.5 and α is 0.1. Also assume that K perf is 0.95 for
the coordinated system, ηregCSP is 50%, and ηregw is 30%.

The price scenarios are generated based on the PJM histor‐
ical market data in June 2019, and historical wind power
and DSI from a certain area of the Northwest China are
used to generate the corresponding scenarios for the coordi‐
nated system. We implement the K-medoids parallel cluster‐
ing algorithm to cluster the data into 10 scenarios [27]. The
hourly prices in the energy and regulation markets and the
available wind power for one specific scenario (scenario 5)
are shown in Fig. 3. The normalized regulation signal and
the control error of the wind power are shown in Fig. 4, and
the time interval is 15 min. The proposed optimization mod‐
el is solved by CPLEX on a PC with 1.6 GHz processor and
8.00 GB of RAM.

As shown in Fig. 5, the coordinated system has a large en‐
ergy bid during the periods when the energy prices are rela‐
tively high, and its output trend roughly follows the trend of
energy price. During the periods when the regulation prices
are significantly lower than the energy prices, the coordinat‐
ed system only participates in the energy market. However,
during the periods of high regulation prices, the coordinated
system can offer a higher capacity for regulation.

The real-time energy base points provided by the wind
farm will change as the available wind power fluctuates,
which results in the deviation between the energy base
points provided in real-time operation and the energy bids
provided in DAM, and accordingly a penalty. However,
since the regulation performance of wind power is calculated
based on real-time energy base points, the more flexible
change of the energy base points compared with day-ahead
energy bids enables the wind farm to commit and fulfill
more regulation capacities. In Fig. 6, the wind farm provides
almost all energy in most time periods, and reserves some
regulation capacity in certain time periods. Figure 7 shows
that the CSP plant seeks more profit in the energy market
while reserving enough regulation capacity to meet the de‐
mand for regulation. Figure 8 shows the energy flow inside
the CSP plant, in which TES is discharged when the sun is
not shining. Also, TES is charged and SF transfers a part of
the received energy to PB through HTF when the DSI inten‐
sity is gradually increased. At the end of the day, TES re‐
turns to its initial heat storage level, which leaves sufficient
capacity for the next day and leaves a certain margin for pos‐
sible unexpected situations. Note that the time interval for
Figs. 6-8 is also 15 min.
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Fig. 5. Day-ahead bidding strategy of coordinated system.
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Fig. 6. Real-time bidding strategy of wind farm.

TABLE I
CSP PLANT PARAMETERS

Parameter

ηcon

P CSP
max

P PB
up

P PB
down

ηCSP

Value

35%

50 MW

100 MWh-1

100 MWh-1

30%

Parameter

QTES
min

QTES
max

QTESinit

RTES
ch

RTES
dis

Value

50 MWh

1000 MWh

640 MWh

300 MW

300 MW
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Fig. 4. Normalized regulation signal and wind power control error.
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C. Benefit of Coordinated Operation of CSP Plant and Wind
Farm

Four different operation modes are compared to demon‐
strate the benefit of coordinated operation of CSP plant and
wind farm based on the proposed model. Mode 1 refers to
the proposed coordinated operation of CSP plant and the
wind farm; mode 2 refers the coordinated system without ap‐
plying the coordinated strategy; mode 3 refers to the inde‐
pendent operation of the wind farm without applying the
CSP plant; mode 4 refers to the independent operation of the
CSP plant without applying the wind farm. We assume the
performance score is 0.8 in mode 3 and 0.95 in mode 4,
which considers the rapid ramping capability of the CSP
plant.

Table II shows a comparison of the hourly average bid‐
ding capacity for different operation modes, where the sum
of individual regulation capacities of CSP plant and wind
farm is 10.2 MW, which is 1.8 MW (or 15.0%) and 7.4 MW
(or 42%) less than that of the coordinated system in mode 1
and mode 2, respectively. This shows that the coordinated
operation of CSP plant and wind farm can provide more reg‐
ulation capacity to earn a higher profit in the regulation mar‐
ket. The coordinated CSP plant and the wind farm without
applying the coordinated strategy tracks the regulation signal
and compensates control errors together. Thus, it provides
larger bids to the regulation market than the coordinated sys‐
tem in mode 1. Furthermore, it can be observed that the
hourly energy bid of the coordinated system without apply‐
ing the coordinated strategy is 85.4 MW, and the sum of
hourly individual energy bids of CSP plant and wind farm is
90.1 MW, which is 15.4 MW (or 15.3%) and 10.7 MW (or

10.6%) less than the coordinated system with the proposed
strategy, respectively. The wind farm tracks the regulation
signal alone and compensates the wind power control error
in the independent operation. Thus, it provides smaller bids
to the energy market. The CSP plant with dispatchable char‐
acteristics in the coordinated system can choose to increase
the energy bid in appropriate periods. Thus, the coordinated
operation of CSP plant and wind farm provides energy bids
to the energy market to earn a higher profit as well as regu‐
lation capacity in the regulation market while ensuring the
regulation accuracy.

Table III compares the incomes of different operation
modes. The coordinated operation can generate a higher ex‐
tra income, which is mainly due to the increase in energy
bids and the improvement in the regulation performance
score through coordination. If half of this extra income in
mode 1 is allocated to the CSP plant and the other half goes
to the wind farm, the revenue of the CSP plant will increase
by about 20.1% as compared with that of mode 4, and the
revenue of the wind farm will increase by about 11.2% as
compared with that of mode 3.

D. Impact of Performance Score

Table IV compares the incomes of the coordinated system
for different performance scores. It can be observed that the
total income of the coordinated system increases with the im‐
provement in the performance score. The regulation market
income shows an upward trend, indicating that the perfor‐
mance score improvement provides a strong economic incen‐
tive for regulation resources to improve their regulation accu‐
racy. In addition, when the coordinated system has the same
performance score as that of mode 3, the total incomes of
the coordinated operation of CSP plant and wind power in‐
crease by 12.8% as compared with the sum of independent
operations of the wind farm (model 3) and the CSP plant
(model 4).

TABLE Ⅲ
ECONOMIC COMPARISON OF OPERATION MODES 1-4

Mode

1

2

3

4

Energy
income ($)

61507

52398

36068

19341

Regulation
income ($)

6486

9019

3384

1816

Net deviation
income ($)

1142

781

-707

529

Total
income ($)

69135

62198

38745

21687

TABLE Ⅱ
COMPARISON OF HOURLY AVERAGE BIDDING CAPACITIES OF OPERATION

MODES 1-4

Mode

1

2

3

4

Day-ahead energy (MW)

100.8

85.4

59.7

30.4

Day-ahead regulation capacity (MW)

12.0

17.6

6.8

3.4
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Fig. 8. CSP plant behavior in base mode.
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E. Impact of Installed Capacity of Wind Farm

To study the impact of the installed capacity of the wind
farm, we fix the installed capacity of the CSP plant and vary
the installed capacity of the wind farm. We define a return
on investment (ROI) metric, as shown in (36), which is the
ratio of the annual income to the investment [28].

ROI =
365F

P CSP
max λ

CSP +P wλw (36)

λCSP and λw are set to be 1170 $/kW and 3200 $/kW, re‐
spectively [12]. The ROIs for different ratios of CSP plant
capacity to wind farm capacity are shown in Fig. 9. The re‐
sults show that as the installed capacity of the wind farm in‐
creases, the ROI of the coordinated system increases gradual‐
ly. However, the ROI of 7.0% will remain constant once the
ratio reaches 1:17. Thus, for a fixed installed capacity of the
CSP plant, the total incomes of the coordinated system grad‐
ually increase with an increase in the installed capacity of
the wind farm. However, the economic return of the coordi‐
nated system from the investment reaches its maximum
when the ratio of the CSP plant capacity to the wind farm
capacity reaches 1:17.

F. Impact of Installed Capacity of CSP Plant

Similar to that in Section IV-E, the ROI is analyzed to
study the impact of the installed capacity of the CSP plant
for a fixed installed capacity of the wind farm. Figure 10
shows that as the installed capacity of the CSP plant increas‐
es, the ROI of the coordinated system decreases with a de‐
clining trend from fast to slow. When the ratio of wind farm
capacity to CSP plant capacity reaches 1:5, the ROI drops to
0.7%. Thus, simply increasing the installed capacity of the
CSP plant will not increase the economic return of the coor‐
dinated system from the investment perspective.

G. Impact of Maximum Regulation Capacities

The total incomes of the coordinated system are related to
the maximum regulation capacities of the CSP plant and the
wind farm. We use the ratios λw and λCSP to characterize the
maximum regulation capacities of the wind farm and the
CSP plant.

Figure 11 show the total incomes of the coordinated sys‐
tem, with λw and λCSP gradually changing from 0 to 0.5. It
can be observed that the total incomes of the coordinated
system increase as the ratio increases. When the regulation
capacities of the CSP plant and wind farm reach their maxi‐
mum, the total incomes of the coordinated system reach
their maximum. Thus, increasing the regulation capacities of
the CSP plant and the wind farm can increase the total in‐
comes. In addition, the total income increments for a given
regulation ratio factor of the wind farm λw is greater than
that for the same regulation ratio factor of the CSP plant
λCSP. Therefore, considering the same regulation ratio factor,
the regulation capacity of the CSP plant has a greater impact
on the total incomes of the coordinated system than the regu‐
lation capacity of the wind farm.

V. CONCLUSION

In this paper, a coordinated strategy for CSP and wind
power providing frequency regulation is proposed which is
based on the complementary characteristics of CSP plant and
wind farm for providing regulation services. We consider the
regulation performance score and deviation penalty to estab‐
lish an optimal bidding model for a coordinated operation of
CSP plant and wind farm. The case study results point out
that the coordinated system can provide more regulation ser‐
vices, alleviating the regulation pressure of the system while
increasing the coordinated system income. Since the regula‐
tion error of wind has a strong relationship with the turbu‐
lence, it is determined that the gap in regulation accuracy for
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TABLE Ⅳ
ECONOMIC COMPARISON OF PERFORMANCE SCORES

Score

0.80

0.85

0.90

0.95

Energy
income ($)

61599

62087

61731

61507

Regulation
income ($)

5128

5448

6145

6486

Net deviation
income ($)

1412

924

918

1142

Total
income ($)

68139

68459

68794

69135
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the wind farm could be filled by the CSP plant. The in‐
creased regulation performance score and energy bids, en‐
abled by the CSP plant, will bring extra income, as illustrat‐
ed in the results. Finally, we conduct sensitivity analysis to
study the impact of various parameters such as the installed
capacity of wind farm and CSP plant on the total income of
the coordinated system, which can provide insights into de‐
ciding the configuration of the coordinated system.

Besides, the coordination of CSP and wind power to par‐
ticipate in peak load regulation is also an area of interest,
which will be an interesting research area in the future.

REFERENCES

[1] European Commission. (2010, Nov.). Energy 2020: a strategy for com‐
petitive, sustainable and secure energy. [Online]. Available: http://li‐
brary.arcticportal.org/1536/1/LexUriServ.pdf

[2] U.S. Department of Energy. (2008, Jul.). 20% wind energy by 2030:
increasing wind energy’s contribution to US electricity supply. [On‐
line]. Available: https://www. energy. gov/sites/prod/files/2013/12/f5/
41869.pdf

[3] J. Morren, S. W. H. de Haan, W. L. Kling et al., “Wind turbines emu‐
lating inertia and supporting primary frequency control,” IEEE Trans‐
actions on Power Systems, vol. 21, no. 1, pp. 433-434, Feb. 2006.

[4] R. G. de Almeida and J. A. P. Lopes, “Participation of doubly fed in‐
duction wind generators in system frequency regulation,” IEEE Trans‐
actions on Power Systems, vol. 22, no. 3, pp. 944-950, Aug. 2007.

[5] P. Cartwright, L. Holdsworth, J. B. Ekanayake et al., “Coordinated
voltage control strategy for a doubly-fed induction generator (DFIG)-
based wind farm,” IEE Proceedings: Generation, Transmission and
Distribution, vol. 151, no. 4, pp. 495-502, Jul. 2004.

[6] G. Ramtharan, J. B. Ekanayake, and N. Jenkins, “Frequency support
from doubly fed induction generator wind turbines,” IET Renewable
Power Generation, vol. 1, no. 1, pp. 3-9, Mar. 2007.

[7] A. Zertek, G. Verbic, and M. Pantos, “Optimised control approach for
frequency-control contribution of variable speed wind turbines,” IET
Renewable Power Generation, vol. 6, no. 1, pp. 17-23, Jan. 2012.

[8] M. Dreidy, H. Mokhlis, and S. Mekhilef, “Inertia response and fre‐
quency control techniques for renewable energy sources: a review,”
Renewable and Sustainable Energy Reviews, vol. 69, pp. 1364-0321,
Jul. 2017.

[9] E. Saiz-Marin, J. Garcia-Gonzalez, J. Barquin et al., “Economic as‐
sessment of the participation of wind generation in the secondary regu‐
lation market,” IEEE Transactions on Power Systems, vol. 27, no. 2,
pp. 866-874, May 2012.

[10] Y. Chen, R. Leonard, M. Keyser et al., “Development of performance-
based two-part regulating reserve compensation on MISO energy and
ancillary service market,” IEEE Transactions on Power Systems, vol.
30, no. 1, pp. 142-155, Jan. 2015.

[11] S. H. Madaeni, R. Sioshansi, and P. Denholm, “Estimating the capaci‐
ty value of concentrating solar power plants with thermal energy stor‐
age: a case study of the Southwestern United States,” IEEE Transac‐
tions on Power Systems, vol. 28, no. 2, pp. 1205-1215, May 2013.

[12] REN21. (2019, Jun.). Global status of renewable energy: REN21’s re‐
newables 2019 global status report. [Online]. Available: https://www.
ren21.net/gsr-2019/

[13] C. Philibert, P. Frankl, and Z. Dobrotkova, “Concentrating solar pow‐
er: technology roadmap,” International Energy Agency, Paris, France,
Tech. Rep., Jan. 2010.

[14] K. Dallmer-Zerbe, M. A. Bucher, A. Ulbig et al., “Assessment of ca‐
pacity factor and dispatch flexibility of concentrated solar power
units,” in Proceedings of 2013 IEEE Grenoble Conference, Grenoble,
France, Jun. 2013, pp. 1-6.

[15] H. Sun, W. Wu, Q. Guo et al., “Reducing generation uncertainty by in‐
tegrating CSP with wind power: an adaptive robust optimization-based
analysis,” IEEE Transactions on Sustainable Energy, vol. 6, no. 2, pp.
583-594, Apr. 2015.

[16] P. Denholm and M. Hummon, “Simulating the value of concentrating
solar power with thermal energy storage in a production cost model,”
NREL Tech. Rep. TP-6A20-56731, Nov. 2012.

[17] G. He, Q. Chen, C. Kang et al., “Cooperation of wind power and bat‐
tery storage to provide frequency regulation in power markets,” IEEE

Transactions on Power Systems, vol. 32, no. 5, pp. 3559-3568, Sept.
2017.

[18] R. Sioshansi and P. Denholm, “Benefits of colocating concentrating so‐
lar power and wind,” IEEE Transactions on Sustainable Energy, vol.
4, no. 4, pp. 877-885, Oct. 2013.

[19] H. M. I. Pousinho, H. Silva, V. M. F. Mendes et al., “Self-scheduling
for energy and spinning reserve of wind/CSP plants by a MILP ap‐
proach,” Energy, vol. 78, pp. 524-534, Aug. 2014.

[20] J. Aho, “Controlling wind turbines for secondary frequency regulation:
an analysis of AGC capabilities under new performance based compen‐
sation policy,” in Proceedings of 13th International Workshop on
Large-scale Integrated Wind Power into Power Systems, Berlin, Ger‐
many, Sept. 2014, p. 5.

[21] S. Zhao, Y. Fang, and Z. Wei, “Stochastic optimal dispatch of integrat‐
ing concentrating solar power plants with wind farms,” International
Journal of Electrical Power & Energy Systems, vol. 109, pp. 575-583,
Jul. 2019.

[22] E. Du, N. Zhang, C. Kang et al., “Impact of wind power scenario re‐
duction techniques on stochastic unit commitment,” in Proceedings of
2016 Second International Symposium on Stochastic Models in Reli‐
ability Engineering, Life Science and Operations Management
(SMRLO), Beer-Sheva, Israel, Sept. 2016, pp. 202-210.

[23] PJM. (2016, Jan.). PJM manual 12: balancing operations. [Online].
Available: https://www. pjm. com/-/media/documents/manuals/archive/
m12/m12v37-balancing-operations-11-16-2017.ashx

[24] FERC. (2011, Oct.). Frequency regulation compensation in the orga‐
nized wholesale power markets. [Online]. Available: http://www. ferc.
gov/whats-new/comm-meet/2011/102011/E-28.pdf

[25] Spanish Electricity Market Operator. (2011, Jan.). Electricity market
activity rules. [Online]. Available: http://www.omel.es

[26] Y. Fang and S. Zhao, “Joint optimal operation and bidding strategies
of concentrating solar power plants with wind farms,” Proceeding of
the CSEE, vol. 40, no. 1, pp. 39-49, Jan. 2020.

[27] L. Kotzur, P. Markewitz, M. Robinius et al., “Impact of different time
series aggregation methods on optimal energy system design,” Renew‐
able Energy, vol. 117, pp. 474-487, Sept. 2018.

[28] R. Bakhshi and P. A. Sandborn, “A return on investment model for the
implementation of new technologies on wind turbines,” IEEE Transac‐
tions on Sustainable Energy, vol. 9, no. 1, pp. 284-292, Jan. 2018.

Yuchen Fang is currently pursuing the Ph.D. degree in electrical engineer‐
ing at North China Electric Power University, Beijing, China. Now, he is a
Visiting Ph.D. Student with the Department of Energy Technology, Aalborg
University, Aalborg, Denmark. His research interests include renewable ener‐
gy integration, power system operation and scheduling, concentrating solar
power.

Shuqiang Zhao received the B.S., M.S., and Ph.D. degrees in electrical en‐
gineering from North China Electric Power University, Beijing, China, in
1985, 1989, and 1999, respectively. He is currently a Professor in the De‐
partment of Electrical and Electronic Engineering, North China Electric
Power University. His research interests include power system reliability
analysis, and power system operation and planning.

Ershun Du received the B.S and Ph.D. degrees from the Electrical Engi‐
neering Department of Tsinghua University, Beijing, China, in 2013 and
2018, respectively. His research interests include renewable energy uncer‐
tainty analysis, power system economics and planning, and concentrating so‐
lar power.

Shaoyan Li received the B.S and Ph.D. degrees from the Electrical Engi‐
neering Department of North China Electric Power University, Beijing, Chi‐
na, in 2012 and 2017, respectively. He is a Lecturer in the Electrical Engi‐
neering Department of North China Electric Power University. His research
interests include power system security, power system restoration, and re‐
newable energy integration.

Zuyi Li received the Ph.D. degree in electrical engineering from Illinois In‐
stitute of Technology (IIT), Chicago, USA, in 2002. He is currently a Pro‐
fessor of the Electrical and Computer Engineering Department and the Asso‐
ciate Director of the Robert W. Galvin Center for Electricity Innovation at
IIT. His research interests include economic and secure operation of electric
power systems, cyber security in smart grid, renewable energy integration,
and power system protection.

759


