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The increasing growth in installed capacity for renewable energy sources has
progressively replaced traditional thermal power units as synchronous power
contributors. This transition has led to a reduction in system inertia and resources
for frequency regulation, creating a need for renewable energy and energy
storage to participate in system frequency modulation. Empirical studies
indicate that the current market mechanism for frequency modulation auxiliary
services, which predominantly rely on thermal power, is suboptimal for leveraging
the unique capabilities of diverse frequency modulation resources. This
inadequacy hinders the power industry’s pursuit of the “dual carbon”
goals—carbon neutrality and carbon peak. Hence, this paper proposes a joint
clearing model for the involvement of renewable energy and energy storage in the
frequency modulation auxiliary service market. It considers performance
differences and employs the Analytic hierarchy process (AHP) to guide the
optimization of the weights of frequency modulation performance indicators
for various frequency modulation resources. This approach allows renewable
energy, energy storage, and thermal power to maximize the benefits of their own
differentiated advantages in various frequency modulation performance
indicators. Consequently, this fosters an increased share of renewable energy
within the system while ensuring frequency stability, thereby expediting the
achievement of the power industry’s “dual carbon” goals. Finally, computational
analyses substantiate that the proposed joint clearing model, accounting for
performance differentials, can enhance the renewable energy share in the
system and simultaneously reduce the societal costs associated with frequency
modulation services.
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renewable energy frequency modulation, energy storage frequency modulation,
frequency modulation performance indicators, frequency modulation auxiliary
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1 Introduction

The development of the electricity market in China, particularly
in the area of ancillary services, has been relatively nascent compared
to its Western counterparts, such as the United States and Northern
Europe, where the frequency modulation ancillary service market
has seen matured more rapidly (PJM manual energy & ancillary
services market operations, 2017). Currently, China predominantly
operates under a “dual-detailed rules” system for frequency
2021).
framework suffers from inefficiencies, including an incomplete

modulation services (Santos et al, However, this
service price compensation mechanism and an inequitable cost
distribution. The market’s inherent ability to efficiently allocate
resources through supply-demand dynamics has led to the
emergence of the frequency modulation ancillary service market
as a timely necessity. In the current market structure, synchronous
machines serve as the principal providers of frequency modulation
services. As the share of renewable energy sources continues to grow,
renewable energy and energy storage systems are poised to play a
more significant role in frequency modulation (Peng et al., 2019).
Unlike traditional thermal power units, these emerging resources
offer advantages such as reduced start-up times and faster frequency
adjustments (Hu et al., 2019). Nevertheless, the current market
design, which relies heavily on the dominant role of thermal power
units in frequency modulation, fails to capitalize on the unique
attributes of renewable energy and energy storage systems (Liao and
Dai, 2005). Consequently, there is an imperative need to reevaluate
the market mechanisms. Future research in the electricity market
must focus on accounting for the performance differentials among
traditional thermal units, renewable energy, and energy storage
systems. This involves developing nuanced bidding mechanisms
and clearing strategies that can fully leverage the distinct
characteristics of diverse frequency modulation resources, thereby
promoting a more synergistic approach to system frequency
modulation tasks (Yuan and Xi, 2020).

The inherent intermittency and unpredictability of renewable
energy generation, as seen in wind and photovoltaic power systems,
presents unique challenges for grid stability. Initially, these energy
sources operate solely in maximum power tracking mode, refraining
from participating in system frequency modulation (Iliana and
Torjus, et al., 2014). However, as their scale expands, there is an
imperative growing for these renewable sources to assume the roles
previously held by synchronous generators within the power grid.
Consequently, integrating renewable energy into the frequency
modulation ancillary services market is becoming an undeniable
trend. European initiatives have already begun incorporating wind
and photovoltaic power into frequency modulation services (Meeus
et al., 2005).

Traditionally, renewable energy systems have operated in
maximum power tracking mode, lacking the capability for
frequency modulation. Existing literature (De Paola et al., 2017)
developed a demand model for frequency modulation within the
ancillary service market and introduced a novel distributed control
scheme, accompanied by an iterative control algorithm, to optimize
customer satisfaction while minimizing energy costs. However, this
model does not take into account the incorporation of a large
number of new energy units, which is one-sided and does not
adapt to the existing new energy grid connection situation. For
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wind farms, adjustments such as rotor over speeding or blade pitch
angle control are requisite to participate in frequency modulation
effectively (Cui et al., 2016). Similarly, photovoltaic systems must
transition from maximum power tracking to incorporate frequency
modulation capabilities, which can be achieved through load
shedding or DC capacitance controls (Zhao et al., 2020). Energy
storage systems, characterized by their flexible charging and
discharging capabilities and rapid response times (Zhong et al.,
2006), are also well-suited for frequency modulation tasks. In the
broader context of the power market, the energy market and the
frequency modulation ancillary services market have traditionally
operated as separate entities. However, empirical studies (Csereklyei
et al,, 2019) have demonstrated that joint market clearing can yield
optimized comprehensive interests, reducing overall electricity costs
and enhancing societal welfare. Therefore, integrating renewable
energy and energy storage systems into a unified frequency
modulation ancillary service market is feasible and economically
advantageous. But at present, the existing research is only limited to
taking new energy units into the joint market, ignoring the
evaluation of a series of their performance, and can not
guarantee the fairness of the market.

In the
modulation ancillary services in China, unit quotations are

existing regulatory framework for frequency
typically revised based on historical performance metrics,
which subsequently lead to a hierarchical sorting of the units
according to these revised quotations. Although this approach
effectively  incentivizes superior frequency modulation
performance among thermal power plants, it falls short in
harmonizing the interplay between thermal power, renewable
energy, and energy storage systems. paper

introduces a comprehensive joint clearing model for frequency

Hence, this

modulation ancillary services to address this limitation. This
model allows for the participation of thermal power, renewable
energy, and energy storage systems in the grid while considering
the distinct frequency modulation performance attributes of each
type of power plant. Utilizing the Analytic Hierarchy Process
(AHP) (Deng, 2019), the model assigns weights to frequency
modulation performance indicators across various types of
frequency modulation plants. This methodological innovation
enables the maximization of the unique advantages inherent in
each type of frequency modulation plant, ultimately fostering a
more coordinated and efficient approach to system-wide
frequency modulation tasks. Compared with the traditional
joint market clearing model, this model can make the power
system obtain more superior frequency modulation performance,
ensure the stability of the power system and better power quality
on the basis of ensuring the economy.

2 The joint clearing model of electricity
market and ancillary service market
2.1 Objective function

Given the
photovoltaic power generation, thermal power, and energy

multifaceted participation of wind power,

storage systems in both of the ancillary service market and the
broader energy market, this study develops a joint clearing
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optimization model. The total social electricity cost encompasses
various components, including the energy market quotation,

primary frequency modulation quotation, and secondary
frequency modulation quotation.
T [ N[CE F F F F
F= minz z Ci,tP it + (Ki,tci,t,mile + Ci,t,cap )P it (1)
- +(KS C e+ C )PS
i=1 \ i=1 it ~it,mile it,cap J© it

where T offers total time period, N offers number of units, Cft
F

i,t,mile
indicates the price of a participant in the reserve market in hour t,

offers price of the producer in the energy market in hour ¢, C

Cftvcap denotes frequency modulation mileage quotation in the

primary frequency modulation market in hour £ C} .

represents capacity price in the secondary frequency

modulation market in hour ¢, and Cﬁt,cap

modulation mileage quotation in the secondary frequency

signifies frequency

modulation market in hour t. In addition, P;; symbolizes the
bid power of producer in the energy market in hour ¢, Pf, defines
the bid capacity of producer in the reserve market in hour ¢, and
P}, represents bid capacity of the producer in the secondary
frequency modulation in hour t. Finally, K}, and K}, are power
plant comprehensive frequency modulation performance index
parameters.

2.2 Constraints

The premise of safe system operating frequency lies in the
necessity for a balance between the electric energy supply and
demand. Therefore, the clearing results must adhere the power
balance constraints as follows:

Noogl Npv

Ny Ne Ne
coal w pv dis cha _ pload
Zpi.t +Zpi4t+zpi¢+zpi4t_zpi.t =Py )
i=1 i=1 i=1

i=1 i=1

where P represents system load forecast value in hour ¢, P9%
indicates bid power of thermal power unit i the in the energy market
in hour ¢, P}, signifies bid power of wind farm unit i the in the energy
market in hour £, and P!} denotes bid power of photovoltaic unit  in
the energy market in hour ¢, P symbolizes charging power of
energy storage in hour t, and P defines discharging power of
energy storage in hour t.

Conventional unit operation constraints include output upper
and lower limit constraints, climbing constraints, and minimum
start and stop time constraints:

poal ¢ peoal ¢ peoal

t.mlnl_ | i. max . .
coal coal coal coal
_PLdown < Pi.t - Pi.tfl < PLup

(Bi.tfl - Bxlt) (Tomltfl - Tonj) = 0
(Biy = Bit-1) (Tofrit-1 = Tofri) 20

(©)

where B;; indicates the on-off state of the unit i at time f,
1 [P . s
Poa [P, indicates the maximum/minimum output power of
EP— coal / pcoal
unit 1, PiAup/Pi.down
capability of unit i, Toni¢—1 denotes the continuous operation

time of unit i to time #-1, Ton;/Tofr; represents the minimum

represents the upward/downward ramping

start/stop time of unit i, and Tog;.—; defines the continuous
outage time of the out-of-service unit i to time #-1.

Frequency modulation capacity constraints of thermal power
units are as follows:
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- i. maxlf (4)
coal.| coal.|
0< Pduwn.i.t <P

coal.f coal.f
{ 0< POt < Py

i. max

coal.f coal.s coal
{ 0< Pup,zlt + Pup.zlt = Pup.min it (5)
coal.f coal.s coal
0< Pduwn.i.t + Pdawn.i.t = Pdown. min .t
coal _ . coal coal coal
up.min.t ~ min [Pup.i’ (pi.max - Pi.t )] (6)
coal _ . coal coal coal
Pdowmmin.t = min [Pdown.i’ (Pi.t - PLmin)] (7)

The load-shedding rate of wind power involved in frequency
modulation complies with the reserved maximum load-shedding
rate requirements.

o<d)<d” ®)

=it =

W
where dY

for wind farms. Wind farm frequency modulation capacity

represents the maximum load-shedding rate reserved
constraints are as follows:

vepit o p ©)

down.it =

{ 0< Pw.f < p\lNAf
down.i. max
up.it upit =

o<pyf . +Pys . <(1-d%)xPY

own.i.t down.i.t =

0<PYf +P¥s, <d¥ x P¥
{ it it (10)

where P}, is the predicted available output power of wind in hour ¢
The quotation limit for wind farms in the electricity market is
given below.

0<Pi < (1-d))P;; (11)

Operational constraints on photovoltaic participation in the
electricity market can be presented below.

pv pv
0< di.t < di. max
0< va.f < va.f

up.it =% i.max

0< va.f < va.f

dov%fn.i.t down.i. max
pv. pV.s pv pv
0<Pis+ Pupis <d;; x P

pv.f pV.s gV PV
0< Pdown.i,t + Pdown.i.t < (1 di.t) x Pi.t

0< P < (1-di)PY

Constraints on energy storage participation in electricity market
and ancillary services market bidding are:

e.cha e.cha e.cha
Png_n sPtdi spgm
e.dis e.dis edis
p min <P t <P max
P? — pte.dis _ Pf'Cha
e.f e.s edis _ pedis
pef 4 pes < pedis _ pe

(13)

up.t upt =
e.f e.s .cha _ pe.cha
Pdown.t + Pdoum.t < Pemax Pt

where P§ indicates bid power of energy storage in the energy market
in hour ¢, and P#<h?/Pdis denotes the charging/discharging power of
energy storage in hour t.
Operational constraints of energy storage:
B Pcpf.cha Pf.dis
SOC (t) = SOC (t-1) + I e Pd—E
SOC in £SOC (t) £ SOCax

Bf'Cha + B?dis <1

(14)

where p_/p, indicates the charging efficiency of energy storage, and
Becha|Bedis represents the binary variable of charging/discharging
status.

System backup constraints:
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Mhew
D:lp - Z Apné:w,i,t 2 D:ﬁ

i (15)
D;iown _ Z A Pnew,i,t > Dg?twn

i=1

where D, indicates the capacity of thermal power unit in hour ¢,
D% indicates the lower standby capacity provided by thermal
power units in hour ¢, APy, ;; represent the prediction error value
of new energy units in hour ¢, D }}, represent the required value of the
standby power of the system in hour ¢, Dgf;‘”“ represent the required

value of the standby power of the system in hour .

3 Optimization of frequency
modulation performance indicator
weights for different frequency
modulation resources considering
performance differences

The frequency modulation ancillary service market is typically
structured and cleared through a multi-faceted evaluation
framework considering variables, including frequency modulation
demand, quotations submitted by service providers, and historical
frequency modulation performance metrics. The primary objective
of this market mechanism is to minimize the procurement cost
associated with frequency modulation services. To assess the
capabilities of power plants in providing frequency modulation, a
historical frequency modulation performance index is employed,
which serves as a quantifiable metric calculated based on a power
plant’s past contributions to frequency modulation and acts as a
quality assessment tool that gauges the efficacy of a given power
plant’s frequency modulation capabilities. Subsequently, this index
adjusts the initial quotations submitted by each frequency
modulation service provider, thereby establishing a prioritized
queue for market clearing.

3.1 Calculation of frequency modulation
performance indicators

Historical frequency modulation performance indicators are
pivotal metrics for evaluating the service quality of frequency
modulation service providers. These indicators directly influence
on the clearing eligibility of each service provider, thereby shaping
the revenue streams of individual suppliers (Li, 2014). Generally, the
composite frequency modulation performance index comprises
three constituent components as follows: the adjustment rate, the
adjustment deviation, and the response time.

The computational methodology for deriving these performance
indices is expressed in Eqs. 15-17.

|VN,i - Vi,j|

Kij=2-2 (16)
VN,
Kz,--=2—2ALi’j| (17)
b AP,
tii
K j=2-2-2 (18)
N
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where K ;; represents the extent to which the adjustment rate of
resource i during its jth adjustment process compares to the
standard adjustment rate it is expected to achieve, K, ; indicates
the degree of actual adjustment deviation compared with the
allowed deviation amount during the jth adjustment process of
adjustment resource i, and K3;; denotes the degree to which the
actual response time of the jth adjustment process of resource i
compared with the standard response time. Moreover, v;;
symbolizes the adjustment rate of the jth adjustment process of
frequency modulation resource i, wvy; signifies the standard
modulation rate, AP;; represents the actual response power of
the jth adjustment of resource i, and AP}?j indicates the
adjustment command demand response amount. Finally, ¢;; and
tx are the response time of the jth adjustment of resource i, and
standard response time, respectively.

The comprehensive frequency modulation performance index
K;; after normalization is shown in (Eq. 18).

Ki,j = 1/3 (Kl,i,j + KZ,i,j + K3,i,j) (19)

As derived for each power plant, the synthesized frequency
modulation performance index serves as a mechanism for revising
the plant’s initial bid quotation. This revised bid price is
subsequently integrated into a unified sorting algorithm, forming
the basis for organizing the market clearing process.

cr
S(K,j)

where CF represents the power plant initial quotation, /"¢ denotes

Fline _
CFiine =

(20)

the power plant frequency modulation quotation for clearing sorting
after correction of frequency modulation performance indicators,
and s(K;;) indicates historical frequency modulation performance
index adjustment value.

1 KP: = Kpsaturution

S(Kpi) = S,(Kpi) Kpmin SKP:’ <Kpsaturation (21)
0.1 Kp; <K Pmin

0.5

S’(Kpi)= 0.5+m

X (sz - Kpmin) (22)
where K .,;, indicates the minimum market access indicator, and
Kiaturation denotes the maximum performance index.

3.2 Performance index weight optimization
considering the difference infrequency
modulation performance of different types
of power plants

The prevailing methodologies for calculating frequency
modulation indices across diverse types of frequency modulation
power plants have conventionally assigned equal weights to the
adjustment rate, adjustment deviation, and response time indicators.
However, this uniform weighting scheme falls short of adequately
capturing the unique advantages inherent to different categories of
frequency modulation power plants. For instance, renewable energy
and energy storage systems exhibit markedly shorter frequency
modulation response times compared to traditional thermal
power units. This characteristic is of paramount importance for
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TABLE 1 Meaning of scale in AHP.

10.3389/fenrg.2023.1332041

Scaling Meaning

1

The two factors are equally important

2 One factor is slightly more important than the other
3 One factor is obviously more important than the other
4 One factor is much more important than the other
5 One factor is extremely more important than the other

TABLE 2 Initial weight configuration.

First-level indicators

Second-level indicators

Initial weight distribution

Thermal power unit indicators

Speed of adjustment

Kuis K =35 (Kpj+ Kajj+ Ksj)

Accuracy of adjustment

Response time

Renewable energy unit indicators

Speed of adjustment

Ky, j
Ks,ij

Ky, j

Accuracy of adjustment

Response time

Ky, j

K, j

Energy storage device indicators

Accuracy of adjustment

Speed of adjustment

Ky, j

Ky, Jj

Response time

maintaining frequency stability, especially in systems with reduced
synchronous inertia. Unlikely, this intrinsic advantage is not
sufficiently leveraged in the competitive market

landscape. To address this shortcoming, this study introduces an

current

index weight optimization methodology that considers the
performance differentials among various types of power plants.
This approach aims to provide a more accurate representation of
the distinct advantages in frequency modulation capabilities across
different categories of power plants, ultimately promoting a more
equitable and efficient market mechanism.

The AHP is a robust quantitative tool that converts
perceptual judgments into evaluative metrics. By scrutinizing
the interrelationships among various indicators within the
system under assessment, AHP facilitates the determination
of the relative importance of elements at a given hierarchical
level with respect to the established criteria at a higher level.
This method constructs a judgment matrix using a comparative
analysis of these characteristics, thereby providing a structured
framework for multi-criteria decision-making (U-Dominic
et al., 2021).

The judgment matrix A is shown in (Eq. 22).

an - oai; i,
A=|ay aij (23)
Au ** Gnj A

The element in the judgment matrix represents the importance
of indicator i compared with indicator j, as shown in Table 1.

Frontiers in Energy Research

K, j

All elements in the judgment matrix satisfy the two following
points.

1) The diagonal elements are all 1, that is, a;;= 1;
2) All elements that are symmetrical along the main diagonal are
the same, that is, aij=1/aj;

To avoid contradictions in the judgment matrix constructed
from experiential data, it must undergo a consistency test before
practical application. The initially constructed matrix can be used as
a judgment matrix only after successfully passing the
consistency test.

The initial weight distribution for the adjustment rate,
adjustment deviation, and response time index weights within the
frequency modulation performance indicators is presented in
Table 2.

The first-level judgment matrix is derived by considering the
proportion of the frequency modulation capacity of each type of unit
within the total system’s frequency modulation capacity. According
to the differences in frequency modulation performance across
different types of power plants, the secondary judgment matrix
for modulation rates, modulation deviations and response time
indicators of different types of power plants is established based
on the frequency modulation performance. Specifically, energy
storage units exhibit a shorter adjustment response time
compared to conventional and renewable energy units.
Renewable energy units have significantly lower requirements for
absorbing task adjustment deviations and are lower than other units
to avoid high frequency modulation performance indicators that will

cause renewable energy to lose the scalar.
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TABLE 3 Post-optimized weight configuration.

First-level indicators Second-level indicators

Initial weight distribution

Thermal power unit indicators Speed of adjustment Kuij Kpre= 0.1512K;j+0.6976K,; j+0.1512K3;

Accuracy of adjustment Kaij

Response time Kiij

Renewable energy unit indicators Kuij

Speed of adjustment Kpew= 0.232K;,j+0.536K 3, j+0.232K3,;

Accuracy of adjustment Kai

Response time Ksij

Energy storage device indicators Speed of adjustment Kuij Kenergy= 0.1261K;,j+0.7478K5,; j+0.1261K33,; ;

Accuracy of adjustment Kaij

K, j

Response time
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FIGURE 1
Load forecasting curve and new energy out put curve.

Following the consistency test, the weights of the frequency
modulation performance indicators for renewable energy, energy
storage, and thermal power units, considering performance
differences, are shown in Table 3 below.

The weighting coefficients for each frequency modulation index
concerning various types of generating units are computed utilizing
the AHP. In practical applications, operators within the ancillary
service market can flexibly allocate these weight values to adjustment
rates, adjustment deviations, and response time indicators based on
the real-time operational conditions of the respective units. This
nuanced approach ensures cost-effective and operationally efficient
execution of the system’s frequency modulation tasks.

4 Example

The case study comprises ten thermal power units, two wind
farms, one photovoltaic power station, and four independent energy
storage devices. Detailed parameter settings can be found in Tables
5-7, while the load curve and renewable energy output curve are
illustrated in Figure 1.

Frontiers in Energy Research

According to China’s regulations on the frequency limit of
power systems, the frequency fluctuation range is +0.2 Hz. The
parameters of the thermal power units are shown in Table 4.

The parameters of the wind farms and photovoltaic power
stations are shown in Table 5.

The parameters of the independent energy storage devices are
listed in Table 6.

4.1 The influence of renewable energy
penetration rate on the clearing result of
frequency modulation market

With the construction of new power systems, the penetration
rate of new energy has been increasing. The following two scenarios
are set for analysis to verify the model’s applicability for different
new energy penetration rates.

Scenario 1: New energy permeability and low penetration
scenario: wind power capacity installed at 150MW, along with
photovoltaic capacity at150 MW.

Scenario 2: New energy permeability and high penetration
wind power capacity 200MWand
photovoltaic capacity at 200 MW.

In the above two new energy penetration scenarios, the model
conducts joint clearance procedures. The clearance results under low
permeability of new energy are shown in Figure 2, while Figure 3
illustrates the clearance results under high permeability of new energy.

scenario: installed at

As seen in Figure 2, the system fluctuation is small in the scenario of
low penetration of new energy, and the frequency modulation demand
is relatively small. Thus, the total revenue of the frequency modulation
service provider is also small. At this time, thermal power units
contribute significantly to the energy and frequency modulation
market. Due to the consistent total load demand, the quotation of
new energy in the electricity energy market remains relatively low.
However, as the penetration rate of new energy increases, the bid
capacity of new energy rises, leading to an overall decrease in revenue of
the electricity energy market. The joint market income under the
penetration scenario of the two new energy sources is listed in Table 7.

As shown in Table 7, the overall market revenue increases after
the proportion of new energy rises, with a significant boost in
from the market. The

revenue frequency modulation
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TABLE 4 Parameters of thermal power unit.

10.3389/fenrg.2023.1332041

Number Node Pmax Pmin  Generation Ru/Rd H J Mileage Capacity Frequency
number  (p.u) (p.u.) quotation Up/ Startup =~ Shutdown quotation quotation  modulation
($/MWh) down cost (Sper time)  ($/MW) ($/MW)  performance
climb (Sper
rate time)
(p.u./
1 30 15 0.15 200 035 1750 1250 18 12 0.5
2 31 1.35 02 250 0.25 2000 1000 18 13 0.5
3 32 0.95 02 250 0.3 1500 750 18 14 0.44
4 33 L1 02 250 0.35 1500 750 18 135 0.45
5 34 115 0.15 250 0.25 1750 1000 18 125 0.51
6 35 115 02 300 0.25 2000 1000 18 145 0.45
7 36 1.2 025 300 035 2500 1200 18 12 0.5
8 37 1.35 0.15 500 0.15 2200 1100 18 12 0.5
9 38 1.45 0.15 500 0.2 1760 950 18 12 0.5
10 39 1.2 02 500 0.35 1780 950 18 12 0.5

TABLE 5 Parameters of wind farm and photovoltaic power station.

Node
number

Generation
quotation
($/MWh)

Number Mileage
quotation

S

Capacity
quotation
($/MW)

Maximum
load
reduction
rate

Historical

mileage

capacity
ratio

Frequency
modulation
performance

Frequency
modulation
capacity ratio

300 15 14

400 18

0.8 0.2 8 0.4

0.95 0.2 8 0.4

TABLE 6 Parameters of independent energy storage device.

Number Node Discharge Charging Charge Capacity Charge Generation Mileage Capacity Frequency
number quotation  quotation and (p.u.) and quotation guotation  quotation modulation
($/MWh) ($/MWh) discharge discharge ($/MWh) ($/Mw) (S/MW) performance
power efficiency
(p.u.)
1 10 160 160 02 0.6 90% 259 12 15 1
2 13 200 200 02 0.6 90% 233 16 13 12
3 19 150 150 02 0.6 90% 224 18 20 11
4 2 250 250 02 0.6 90% 262 16 24 1

introduction of a high proportion of new energy contributes more
frequency modulation reserve capacity to the power system,
consequently reducing the frequency modulation contribution
rate of conventional thermal power units.

4.2 The influence of independent energy
storage devices on the clearing results of
frequency modulation market

The frequency modulation contribution after energy storage
participation is shown in Figures 4, 5.

Frontiers in Energy Research

07

Compared to the electricity energy market, energy storage plays
a more significant role in the frequency modulation auxiliary service
market, which has an unparalleled advantage in the frequency
modulation market due to the higher adjustment accuracy and
faster response time of the energy storage device. The winning
result shows that other units win the bid successively after the scalar
in the energy storage reaches the technical boundary of its operation.
Therefore, the extra energy storage relieves the frequency
modulation pressure of conventional units, in which conventional
units can have more ability to bid in the energy market. In addition,
comparing the bid capacity of the frequency modulation market
before and after introducing energy storage reveals that due to the
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frequency modulation market low-modulation bid capacity.

increase in the output of photovoltaic power stations at noon, a
higher proportion of photovoltaic power stations participate in
primary frequency modulation at this time compared to wind
farms. With the introduction of the energy storage device, more
photovoltaic power plant output in the larger period of photovoltaic
output is used for the frequency modulation.

To investigate the impact of energy storage on the stability of the
system’s operating frequency, the maximum power disturbance is
applied to the simulation of the system under two conditions: with
or without energy storage. Then, the maximum frequency deviation
is calculated. The results are shown in Figure 6.

Frontiers in Energy Research

Figure 6 illustrates that the operating frequency of the energy
storage system remains within the safety limit, indicating that the
system frequency is very safe. The analysis of the maximum
frequency deviation of the system before and after adding energy
storage shows a reduction in the maximum frequency deviation of
the system after the configuration of energy storage compared with that
without energy storage. Furthermore, energy storage effectively
improves the frequency security of the system operation. In
addition, the participation of energy storage devices makes more
thermal power units with low declared frequency modulation
capacity and relatively poor frequency modulation performance bid

08 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1332041

Wang et al. 10.3389/fenrg.2023.1332041

701

T T T
I T 77 P
0 2 1s I E)
CIT3EE 19 [ E2

Capcity of electricity energy market(MW)

Time (15min.)

B\

140 C 120 ; ; | ;
N

N

-~ L

=120 100k
g

100

E 80
£ 80

g 60
N

g, 60

S~

S 40
240

2

S 20 20
N

2

S 0% 10 20 30 40 50 60 70 80 90 L

Time (15min) Time (15min)

D E

=N
=

I T 77 P
[0 2 s I El
[0 T4 T10C E3

[ s w1 ] E4
I 16 w2

w
=
T

40

30
Il
il

0 10 20 30 40 50 60 80 90
Time/15min

20

Lower capcity of secondary FM markey(Mw) ~ Lower capcity of primary FM market(MW)

0 10 20 30 40 50 60 70 80 90
Time/15min

Upper capcity of secondary FM market(MW)

FIGURE 3

Bid capacity of high permeability (A) power market bidding results, (B) primary frequency modulation market up-modulation bid capacity, (C)
primary frequency modulation market low-modulation bid capacity, (D) secondary frequency modulation market up-modulation bid capacity, (E)
secondary frequency modulation market low-modulation bid capacity.

TABLE 7 The influence of renewable energy penetration rate change on market income.

Primary FM market revenue/$S  Secondary FM market revenue/$  Electricity market revenue/$ Total revenue/$
1,000 1,000 1,000 1,000
Casel 275.70 171.70 24203.00 24650.40
Case2 417.00 261.00 24230.00 24908.00

compared with the participation of energy storage in the frequency = more capable of participating in the electricity energy market and
modulation market. Thus, the overall share of wind power in the  enhancing the absorption of wind power. The FM market settlement
frequency modulation market has been reduced, making wind power  price has changed as shown in Figure 7.
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Table 8 compares the total costs with and without energy storage
participating in primary frequency modulation. The total cost of
primary frequency modulation with energy storage is generally
lower than without energy storage because energy storage devices
replace thermal power units to perform frequency modulation tasks
during periods of high-frequency modulation demand, thereby
reducing the total cost. Table 8 shows the revenue from the
electricity market and frequency modulation ancillary services for
energy storage devices under the two participation scenarios.

As seen in Table 8, energy storage can benefit from the energy
market and the frequency modulation market to improve its
earnings with excellent charge and discharge performance, which
can increase the enthusiasm of energy storage to participate in the
energy and auxiliary services markets, thereby improving the
flexibility of system operation to enhance the frequency safety of
system operation.
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4.3 Frequency modulation performance
index weight modification considering unit
performance difference

Considering  the  difference  infrequency = modulation

performance between new energy,

the weights
indicators

energy storage, and
of frequency modulation
of various frequency modulation
Therefore, different frequency

modulation resources can better play their own performance

conventional units,
performance
resources are  corrected.
advantages. The winning result of the frequency modulation
market after the index weight correction is shown in Figure 8.

As shown in Figure 8, when considering the difference in
frequency modulation performance of different frequency
modulation resources, the clearance results show a significant
decrease in the frequency modulation bid-winning capacity of
thermal power units from 0:00 to 8:30. The reason is that the
frequency modulation performance of this part of the thermal
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TABLE 8 Market revenue comparison before and after energy storage participation.

Energy storage participates in the electric energy market

Energy storage participates in the electric energy market + frequency
modulation auxiliary service market

10.3389/fenrg.2023.1332041

Electricity market revenue/$ 1,000 Energy Storage 1 4.19
Energy Storage 2 0.23
Energy Storage 3 11.02
Energy Storage 4 0
Frequency modulation market revenue/$10,000 Energy Storage 1 0
Energy Storage 2 0
Energy Storage 3 0
Energy Storage 4 0
Total revenue/$ 1,000 15.44
Electricity market revenue/$ 1,000 Energy Storage 1 6.66
Energy Storage2 0.01
Energy Storage 3 10.12
Energy Storage 4 0.02
Frequency modulationmarket revenue/$ 1,000 Energy Storage 1 60.13
Energy Storage 2 60.64
Energy Storage 3 59.79
Energy Storage 4 60.74
Total revenue/$ 1,000 258.10
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FIGURE 8
First FM market bid capacity after AHP.

power unit is poor. Figure 9 displays the up-down contribution
of different frequency modulation resources before and after
considering the difference in frequency modulation
performance. Meanwhile, the winning capacity of up-down
frequency modulation is shown in Figure 10.

As can be seen, the frequency modulation capacity and
contribution of new energy and energy storage are significantly
improved by considering the performance differences. This
enhancement is precisely attributed to the ability of the proposed
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method to purchase more frequency modulation resources with
good performance and make them undertake more frequency
modulation tasks, improving the overall frequency modulation
performance of the system’s frequency modulation resources and
the frequency security of the system.

The price of the frequency modulation market before and after
considering the difference in frequency modulation performance of
various frequency modulation resources is shown in Figure 11.
Additionally, the final settlement cost of the frequency
modulation market can be found in Table 9.

As can be seen in the figure and table, considering the variations
in frequency modulation performance of different frequency
modulation resources results in a reduction in the total frequency
modulation cost of the system.

Incorporating the difference in frequency modulation
performance of various frequency modulation resources, the
clearing model leads to a minor reduction in the bid capacity of
conventional thermal power units in the primary frequency
modulation market while slightly increasing the bid capacity of new
energy and energy storage. This is due to considering both the load-
shedding constraint of wind power and the improved frequency
modulation performance of the modified independent energy
storage device. Consequently, the lower frequency modulation
scalar of wind power and the medium scalar of independent energy
storage have been significantly improved. Furthermore, the fluctuation
amplitude of the State of charge (SOC) in energy storage is reduced
compared with the frequency before, which is conducive to enhancing
the service life of the energy storage, thus further decreasing the
frequency modulation cost of the system.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1332041

Wang et al.

10.3389/fenrg.2023.1332041

A& = B & =
s = 02 b >
N S -~ ~ Before @ 06---. Before ©
S S [ After § Pl Aft N
S S o1 & Y 3
S b 3 =
: £ il £, :
=
: ) Al S o g
© o 50 1000 0 50 100 O 0 50 1000
E Time(15min) 9 Time(15min) t Time(15min) - Time(15min)
S 03 B 06— S 0.2 S 06
o -~~~ Befoy ) Before 5 -~~~ Before ) - - eforg
S —_— S s —_— i S —_—
S 2 After N s After H N er
< = < " s 04 i
3 s So S a ;
= S S )
S 3 3 h S Py
= & T ¢ & 02 ]
S N E i L} <
s 0 S 3 0 )
O 0 50 1009 & 0 50 100© 0 50 100
Time(15min) Time(15min) Time(15min) Time(15min)
FIGURE 9
Contribution rate of (A) up modulation and (B) low modulation of modulation before and after AHP.
A NI B & §6O
§ § ~ =~ Before = 60 S
=1 §“ ol After & & 40
> = S 4 S
& N & W s
g 2 S 20 - - - Before S 20
§ S S — After | S
&) S AP > O = After
0 50 100 0 50 100 0 50 100
Time(15min) Time(15min) Time(15min)
N 2 20 T = 40
40 N ——
§ - - =~ Before § E Befor g E
S | After = = S = 30 (H-
& RS 8 ! N
S 20 > = 10 ! =
2 2 5 20
2 3 3 . g.‘ * Before
2 s S b 4 S — After
S o S S o 10
0 =0 100 0 50 100 0 50 100
Time(15min) Time(15min) Time(15min) Time(15min)
FIGURE 10

Bid capacity of (A) up modulation and (B) low modulation of modulation before and after AHP.

The clearing model, considering the difference infrequency
modulation performance of diverse frequency modulation resources,
reveals that the clearing sorting order changes due to the change of
frequency modulation performance index for the secondary frequency
modulation market. Within the existing rules, thermal power units
struggle to prioritize winning bids and complete clearance, whereas new
energy units can achieve complete clearance of frequency modulation
capacity. This is because new energy and energy storage are adjusted
faster than thermal power units. However, it is worth noting that the
frequency modulation accuracy of new energy is poor. In light of the
difference infrequency modulation performance among various
frequency modulation resources, thermal power units can basically
achieve full clearance of bid capacity in each period. In contrast with
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primary frequency modulation, secondary frequency modulation
should pay more attention to the precision and accuracy of
frequency regulation. Therefore, the weight of the adjustment
accuracy part is further increased compared with the primary
frequency modulation market when the AHP judgment matrix is
written in the clearing model column considering the difference in
frequency modulation performance of various frequency modulation
Thus, the frequency modulation
performance index can better reflect the frequency modulation

resources. comprehensive
accuracy performance of each unit.

The clearing model, considering the difference infrequency
modulation performance among different frequency modulation
resources, demonstrates that there are no significant changes in the
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Changes of settlement price before and after AHP.

TABLE 9 Purchasing tariffs of the HIES.

Primary FM settlement

Secondary FM settlement

Electricity energy market Total cost/$

fee/$ 1,000 fee/$ 1,000 settlement fee/$ 1,000 1,000

Before the correction 41.70 26.10 2423.00 2490.80
of AHP

After the correction 40.90 25.20 2423.00 2489.10

of AHP

overall clearing result for the electricity energy market. The majority
of capacity storage is involved in frequency modulation auxiliary
services. Additionally, the charging behavior of energy storage
devices in the main energy market has increased relative to
discharging. This allows the storage device to charge and apply
the power profitably to the frequency modulation market when the
main energy market has more energy than required.

5 Conclusion

The development of China’s auxiliary service power market is
still in its infancy, and various rules and systems are gradually
being improved. According to the existing frequency modulation
auxiliary service market rules in China, this paper proposed a
joint clearing model of new energy and the participation of
energy storage in frequency modulation auxiliary service
market considering performance differences. The following
conclusions are drawn:

1) The integration of new energy and energy storage enriches the
frequency modulation resources of the power system. Thus, the
power system has more adjustment flexibility in dealing with the
new energy with strong uncertainty. Moreover, this integration
can alleviate the tight supply and demand of frequency
modulation resources in the power system, leading to a
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reduction in the overall frequency modulation costs for the
system.

58]
~

Integrating energy storage with superior regulatory performance
can optimize the overall frequency modulation capability of the
system and alleviate the frequency modulation burden on
thermal power units with less efficient performance.
Participating in both the energy market and auxiliary service
market simultaneously can boost the revenue of independent
energy storage, thus improving the enthusiasm of energy storage
to participate in system scheduling.

3

~

The comprehensive frequency modulation performance index
quantifies the frequency modulation capabilities of each power
unit type. AHP adjusts the weight of the three indicators, namely,
adjustment speed, adjustment precision, and response time,
according to the frequency modulation characteristics of
different power unit types, which is conducive to giving full
play to the characteristics of different frequency modulation
resources to serve the system better and enhance the
frequency security of the new power system.
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