=~ Energy Engineering & Tech Science Press

D0i:10.32604/e€.2025.066629 .

ARTICLE Check for

updates

Simulation Platform for the Optimal Configuration of Hybrid Energy Storage
Assisting Thermal Power Units in Secondary Frequency Regulation

Cuiping Li', Ziyun Zong', Xingxu Zhu', Zheng Fang’, Caigqi Jia’, Wenbo Si', Gangui Yan' and
Junhui Li"*

'Key Laboratory of Modern Power System Simulation and Control & Renewable Energy Technology, Ministry of Education
(Northeast Electric Power University), Jilin, 132012, China

2Huadian Electric Power Research Institute Co., Ltd., Hangzhou, 310030, China

Inner Mongolia UHV Branch of State Grid Inner Mongolia Eastern Electric Power Co., Ltd., Xilinhot, 026000, China

*Suichang County Power Supply Company, State Grid Zhejiang Electric Power Co., Ltd., Lishui, 323300, China

*Corresponding Author: Junhui Li. Email: lijunhui@neepu.edu.cn

Received: 13 April 2025; Accepted: 30 May 2025; Published: 26 August 2025

ABSTRACT: In response to the issue of determining the appropriate capacity when hybrid energy storage systems
(HESS) collaborate with thermal power units (TPU) in the system’s secondary frequency regulation, a configuration
method for HESS based on the analysis of frequency regulation demand analysis is proposed. And a corresponding
simulation platform is developed. Firstly, a frequency modulation demand method for reducing the frequency
modulation losses of TPU is proposed. Secondly, taking into comprehensive consideration that flywheel energy storage
features rapid power response and battery energy storage has the characteristic of high energy density, a coordinated
control strategy for HESS considering the self-recovery of state of charge (SOC) is put forward. Then, to measure the
economic and technical performance of HESS in assisting the secondary frequency modulation of TPU, an optimized
configuration model considering the full-life-cycle economy and frequency modulation performance of TPU and HESS
system is constructed. Finally, a visual simulation platform for the combined frequency modulation of TPU and HESS
is developed based on Matlab Appdesigner. The results of calculation examples indicate that the proposed configuration
method can improve the overall economic efficiency and frequency modulation performance of TPU and HESS; The
control strategy can not only prolong the service life of battery energy storage but also enhance the continuous response
ability of HESS; The visual simulation platform is easy to use, and the simulation results are accurate and reliable.

KEYWORDS: Frequency modulation demand; control strategy; configuration method; simulation platform

1 Introduction

To address climate change and enhance energysecurity, the “14th Five-Year Plan for the Modern Energy
System” proposes to facilitate the transformation of the power system to accommodate large-scale and
high-proportion renewable energy integration. Additionally, it aims to accelerate the large-scale deployment
of advanced energy storage technologies and promote the development of energy storage on the power
generation side [1,2]. The randomness, intermittency, and volatility of renewable energy output result in
significant power imbalances and frequency fluctuations within the power system [3-6]. As traditional
frequency modulation resources, TPU exhibit limited start-stop capabilities and slow response speeds. In
contrast, energy storage systems represent high-quality flexible frequency regulation resources. Integrating
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energy storage to assist TPU in frequency modulation can significantly enhance the system’s resilience to
uncertainties and promote the integration of renewable energy [7-9].

Regarding the demand analysis of energy storage assisting TPU in frequency regulation, in
Reference [10], the deviation of TPU in following the Automatic Generation Control (AGC) command is
regarded as the frequency regulation demand for energy storage. Reference [11] proposes to allocate the AGC
command to TPU and energy storage using the filtering principle, thereby reducing the power output of
TPU. In Reference [12], Ensemble Empirical Mode Decomposition (EEMD) is employed to decompose the
frequency regulation signal of the regional control error. Subsequently, the frequency regulation commands
are allocated to energy storage and TPU based on high-frequency and low-frequency components, resulting
in a more precise frequency regulation demand for energy storage.

For the power allocation strategy between HESS, Reference [13] uses low-pass filtering to allocate
the HESS power demand to batteries and supercapacitors, which reduces the number of switching times
for battery charging and discharging, but supercapacitors are prone to overcharge and over-discharge;
Reference [14] put forward a control strategy where the supercapacitors respond preferentially, followed
by the batteries. This strategy effectively reduces the degradation of the battery energy storage lifespan.
Reference [15] implemented power distribution by partitioning the SOC of batteries and flywheels. This
measure successfully avoided the problem of SOC going beyond the limit. Nevertheless, it did not account
for the recovery of SOC, which had an impact on the lifespan of battery energy storage. All of the above-
mentioned strategies took into consideration that power-type energy storage exhibits a rapid response speed,
while energy-type energy storage has a relatively slower response speed. However, they failed to consider
SOC recovery. As a result, during the initial stage of energy storage operation, the frequency regulation
performance was satisfactory. But in the later stage, due to the relatively low SOC of the energy storage itself,
it might not respond to some frequency regulation signals, thereby weakening the continuous operation
ability of the energy storage system. In this study, a coordinated control strategy for HESS considering SOC
self-recovery is proposed. By comprehensively taking into account the dynamic characteristics of flywheel
energy storage with rapid power response and battery energy storage with high energy density, this strategy
can not only extend the lifespan of battery energy storage but also improve the continuous response ability
of HESS.

Regarding the configuration method for HESS to assist TPU in frequency regulation, Reference [16] put
forward a capacity configuration approach for HESS that applies to a wide range of application scenarios.
This approach took into account the initial investment cost of energy storage, the cost of battery replacement,
and the degradation of battery lifespan. Reference [17] developed a capacity configuration model for HESS
intending to maximize the average annual profit of HESS in assisting TPU during secondary frequency
regulation. The particle swarm optimization algorithm was employed to determine the optimal capacity
of the energy storage. In the above-mentioned studies, technical metrics were translated into economic
benefits and integrated into the objective function. Nevertheless, constrained by the costs of energy storage
and the economic performance of TPU, these approaches might result in an insufficient configuration of
energy storage, thereby failing to enhance the frequency regulation performance effectively. In this study,
a comprehensive approach has been adopted to address both the economic and technical dimensions
of HESS assisting TPU in secondary frequency regulation. A multi-objective optimization configuration
model for HESS has been developed, which incorporates the full life cycle economic analysis and the
comprehensive frequency regulation performance index Kp. This model not only enhances the frequency
regulation capabilities of TPU but also improves the economic efficiency of HESS, thereby addressing the
limitation of “overemphasizing economy at the expense of performance” that is prevalent in traditional
configuration methods.
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As can be inferred from the above analysis, the configuration and control strategies of energy storage
remain pivotal issues during the energy storage planning phase. The visualization simulation platform
optimizes energy storage configuration and control strategies through data analysis, which holds substantial
practical significance for the development of smart grids [18]. With the advancements in the energy
internet and energy storage technologies, a solid foundation has been laid for the research on energy
storage visualization simulation software. Reference [19] developed a battery energy management system
in response to practical problems such as the difficulty in predicting the remaining battery life and the
irrationality of energy distribution management. Reference [20] developed a blockchain-based virtual
power plant energy management platform, aiming to stimulate diverse energy trading activities among
residential users via renewable energy, energy storage, and flexible loads within the virtual power plant.
Meanwhile, Reference [21] developed an intelligent communication platform based on low-cost Internet
of Things technology, enabling an optimized energy management plan for an interactive hybrid microgrid
system integrating solar photovoltaics, biogas, and battery energy storage. Most of the above-mentioned
literature focuses on individual energy storage technologies, with limited exploration of hybrid energy
storage technologies. Moreover, the scenarios mainly pertain to the energy management of regional power
grids, and research is scarce regarding the configuration methods and control strategies of HESS in assisting
thermal power units with frequency regulation. In this study, a coordinated control strategy and an
optimization configuration model are integrated to develop an interactive simulation platform. This platform
encompasses the entire verification process from “demand analysis to configuration optimization and
subsequent strategy validation’, enabling the visualization and quantitative evaluation of the design, decision-
making, and validation of the frequency modulation system. It supports functions such as simulating
frequency modulation demands under multiple scenarios, comparing the economic efficiency of different
configuration schemes, and dynamically debugging the control strategies of HESS. This serves as a decision-
making tool for the energy storage transformation of TPU, reducing the technical barriers in the transition
from theoretical research to engineering applications. Ultimately, it facilitates the dissemination of current
theoretical achievements in the field of combined thermal power and energy storage frequency regulation
and paves the way for further research.

The remaining sections of this paper are organized as follows: Section 2 analyses the challenges
and issues in the thermal power-hybrid energy storage joint frequency regulation system. Section 3 first
introduces the method for analyzing the frequency regulation demand of the energy storage system,
followed by the proposal of a coordinated control strategy for hybrid energy storage and an optimal
configuration approach for hybrid energy storage assisting thermal power units in secondary frequency reg-
ulation. Section 4 details the architecture of the simulation platform designed to optimize the configuration
of hybrid energy storage systems assisting thermal power units in secondary frequency regulation. Section 5
validates the effectiveness of the simulation platform through case studies, providing a reference for the
design of control strategies and the selection of configuration capacities for energy storage systems in
practical engineering applications at thermal power plants.

2 Thermal Power and Hybrid Energy Storage Integrated Frequency Regulation System

This paper focuses on the power system integrating TPU and HESS for joint frequency regulation. The
system structure is illustrated in Fig. 1. The AGC dis-patch center receives real-time data, including regional
grid frequency and tie-line power, generates AGC instructions, and transmits them to the thermal power and
hybrid energy storage frequency regulation control center. This center then allocates the frequency regulation
instructions to the TPU and HESS. Finally, the hybrid energy storage frequency regulation control system
further distributes the instructions between the battery and flywheel components.
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Figure 1: Thermal power and hybrid energy storage integrated frequency regulation system

The auxiliary role of HESS in the frequency regulation of TPU is becoming increasingly significant. The
primary concerns currently are twofold: first, achieving optimal economic performance of the integrated
thermal power and energy storage system through reasonable configuration of energy storage; second,
developing effective control strategies to coordinate the output of various frequency regulation resources to
achieve the best frequency regulation performance. Therefore, this paper proposes a hybrid energy storage
configuration strategy based on frequency regulation demand analysis and designs a simulation platform for
optimizing the configuration of HESS to assist TPU in participating in secondary frequency regulation.

3 Configuration Strategy for Hybrid Energy Storage Systems Based on Frequency Modulation
Demand Analysis

Regarding the problem of how to determine the appropriate capacity when the hybrid energy storage
combined with thermal power units participates in the secondary frequency regulation of the system, an
optimization configuration method for hybrid energy storage based on the analysis of frequency regulation
demand is proposed. The framework of the method is depicted in Fig. 2.

The plant-level AGC instruction is subjected to frequency modulation demand analysis to obtain the
output sequence of thermal power units and the frequency modulation demand sequence of energy storage.
Secondly, the power distribution among hybrid energy storages is realized through the coordinated control
strategy of HESS, and the SOC change curve of HESS is obtained. The revenue and cost within the entire life
cycle and the Kp index are calculated through the configuration method to obtain the optimal configuration
of HESS. Finally, the configuration values are transmitted to the control strategy as the power and capacity
constraints of HESS.
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Figure 2: Methodological framework

3.1 Analysis of Frequency Regulation Requirements for Reducing the Frequency Regulation Losses of TPU

In this research, the frequency modulation mileage of TPU is utilized to gauge the frequency modulation
loss of TPU. The output of TPU is smoothed through the filtering method to achieve the goal of reducing the
frequency modulation mileage of TPU. The lower the frequency modulation mileage of TPU, the smaller the
frequency modulation loss of TPU will be. Simultaneously, when smoothing the output of TPU, the actual
output of TPU and the frequency modulation demand sequence of energy storage are obtained. They are
classified into two scenarios: Firstly, when the actual output of TPU without energy storage configuration
is known, the output of TPU is decomposed by filtering. The actual output of TPU is the low-frequency
component of thermal power units without energy storage configuration, and the frequency modulation
demand sequence of energy storage is the difference between the AGC command and the actual output of
TPU.

{PG,t = Pthermal,t_l (1)

Pdernand,t = PAGC,t - Pthermal,t_l

Secondly, the actual output of TPU without energy storage remains uncertain. By filtering and decom-
posing the AGC command, we can ascertain that the actual output of this TPU represents the low-frequency
component of the AGC command. Furthermore, the frequency regulation demand sequence for energy
storage is derived from the difference between the AGC command and the actual output of TPU.

{PG,t = Pace,i 1 @)

Pdernand,t = PAGC,t - PG,t



3464 Energy Eng. 2025;122(9)

The demand analysis of frequency modulation provides a theoretical foundation for the sub-platform of
frequency modulation demand analysis in the visual simulation platform. The AGC command and the actual
output of TPU without energy storage configuration are input from the sub-platform of basic information
and imported into the sub-platform of frequency modulation demand analysis to obtain the output sequence
of TPU and the demand sequence for energy storage frequency modulation.

3.2 Coordinated Control Strategy for HESS

The coordinated control strategy for the HESS presented in this article is classified into the power
distribution strategy for frequency modulation of the HESS and the self-recovery strategy for the SOC of
HESS. This control strategy considers the preferential response of FESS and takes into account the self-
recovery of the SOC of the energy storage. It can not only increase the lifespan of BESS but also improve
the continuous response ability of HESS. This control strategy furnishes a theoretical foundation for the
development of the sub-platform for HESS configuration and the sub-platform for feasibility analysis.

Firstly, whether to restore the SOC is determined based on the frequency regulation demand power of
the HESS and the rated power of the HESS. If the SOC is not restored, the secondary frequency regulation
command that the HESS needs to respond to is obtained. Subsequently, based on the SOC state of the HESS,
the operating condition Sn of the HESS is determined, and the frequency regulation power of the HESS
is distributed. If the SOC is not restored, the SOC self-recovery power command of the HESS is obtained.
Only the TPU is involved in the frequency regulation, responding to the secondary frequency regulation
command that the HESS has not responded to, enhancing the response to the AGC command. The schematic
of the coordinated control strategy for the HESS is illustrated in Fig. 3.

l Pdemand.r
Supplementary
Judgment Module for Self-Recovery Strategy |Output of TPU TPU
HESS SOC Recovery for the SOC in HESS
Priy. Command of SOC
Self-Recovery Power Pa. BESS
Assessment of S, S Power Allocation
Response Conditions 3 Lo 3 Strategy for Frequency
for HESS 3» €~ ™| Regulation in HESS
A
FESS
Py,
SOCs.: SOCk. '

Figure 3: Coordinated control strategy for HESS

3.2.1 Power Allocation Strategy for Frequency Regulation in HESS

To fully leverage the advantages of each energy storage device and extend the lifespan of BESS,
a frequency regulation power allocation strategy for HESS is developed based on the concept of SOC
partitioning. When the SOC of FESS is within normal limits, priority in frequency regulation is given to FESS.
Conversely, when the SOC of FESS becomes excessively high or low, priority shifts to BESS for frequency
regulation. In scenarios where the SOC across HESS is uniformly too high or too low, a dynamic remaining
SOC ratio allocation strategy is implemented to enhance responsiveness, thereby improving the continuous
response capability of HESS. The various response states of this HESS based on SOC partitioning are
summarized in Table 1 below. In this table, S denotes different operational conditions for HESS under varying
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combinations of SOCs; each condition corresponds to a specific frequency regulation power allocation
strategy tailored for HESS.

Table 1: Response state of HESS based on SOC partitioning

State of SOC 0.1<S0OC; <03 0.3<S8S0C;,<0.7 0.7<80C;,<0.9

01< SOCBJ <0.3 Sl Sz S3
0.3 < SOCy, < 0.7 S S S
0.7 < SOCBJ <0.9 S; Ss S9

(1) Charging Strategies for HESS

When the HESS operates under conditions S;, S4, S5, S; and S8, the SOC of FESS is relatively low. In this
scenario, priority is given to charging FESS, while BESS serves as a supplementary source for charging. The
command for charging power in HESS is structured as follows:

Pu, = _PF,rate» PHy,t < _PF,rate
Rt = p p p 3)
Hy,t> Hy,t 2 —PF rate
P, = _PB,rate> PHy,t - PF,t < _PB,rate (4)
B,t =
Puy:— Pt Puy:— Prt 2 —Pprate

When the HESS operates under conditions S;, S; and Se, the SOC of the BESS is relatively low. In this
scenario, priority is given to charging the BESS, while the FESS serves as a supplementary source for charging.
The command for charging power in HESS is structured as follows:

P, = _PB,ratea PHy,t < _PB,rate
Bt =1 p p P (5)
Hy,t> Hy,t 2 —PB rate
Pu. = _PF,rate> PHy,t - PB,t < _PF,rate (6)
F,t =
Puy:—Ppt, Puy,t— Pp,t 2 —Pprate

When the HESS operates under the So working condition, both the BESS and FESS exhibit relatively
high SOC. To enhance the overall continuous charging capacity of the HESS, a dynamic SOC proportion
strategy is implemented for charging. The charging power instruction for HESS is formulated as follows:

_PB rate» PHY)t - SOCB,[ < —IB,rate
Py, = ’ SOCg,;+SOCg ' )
’ PHy,t x SOCg PHy,t x SOCpg,; > P,
SOCy;+SOCr,” SOCp,+SOCp, ¢
_PF,rate’ PHYJ - SOCFJ < _PF,rate
Py - SOCg., +SOCs, )
’ PHy,t X SOCFJ , PHy,t X SOCF’t > Ppo
SOCg,+SOCg; SOCg,;+ SOCg, '
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(2) Discharge Strategies for HESS

When the HESS operates under conditions S, Ss, Ss, S¢ and Sy, the SOC of FESS is relatively high. In
this scenario, the FESS discharges preferentially while the BESS provides supplementary discharge support.
The discharge power command for HESS is formulated as follows:

Pu, = PHy,ta PHy,t < PF,rate
= p P p )
F,rate> UHy,t > IF rate
P, = PHy,t _PF,t’ PHy,t _PF,t < PB,rate
B =\ p p P > P (10)
B,rate> Hy,t — LF,t > I'B rate

When the HESS operates under conditions S4, S; and Sg the SOC of BESS is relatively high. In this
scenario, the BESS discharges preferentially, while the FESS provides supplementary discharge support. The
discharge power command for HESS is formulated as follows:

P, = PHy,t: PHy,t < PB,rate
Bt =1 p p p (11)
B,rate> Hy,t > I'B,rate
Pu, = PHy,t - PB,t> PHy,t - PB,t < PF,rate (12)
PP Pyt — Pp¢ > P
F,rate> Hy,t — IB,t > IF rate

When the HESS operates under condition §;, the SOC for both BESS and FESS is relatively low. To
enhance the overall continuous discharge capacity of HESS, a dynamic SOC ratio strategy is implemented
for its discharge process. The command for discharge power in HESS is formulated as follows:

Piy,t x SOCg Pyy,t x SOCp,;
> < PB,rate
P = SOCg;+8S0OCr; SOCg;+SOCr, )
B Pyy¢ x SOCg
PB,rate: > PB,rate
SOCg,; + SOCy,;
Piyy,t x SOCp Puy,t x SOCr;
> < PF,rate
p. = ]SOCs:+SOCk;:  SOC,; +SOCs,; ”
F,t — P PHy,t X SOCF,t P
> >
F,rate SOCBJ N SOCF,t F,rate

3.2.2 Self-Recovery Strategy for the SOC in HESS

When the demand for frequency regulation power from HESS exceeds its rated power, even if HESS
assists the thermal power unit in frequency regulation at maximum output, the combined output of the TPU
and HESS still fails to adequately track the AGC command, resulting in suboptimal regulation performance.
In such cases, auxiliary frequency regulation provided by HESS may lead to unnecessary energy waste.
Therefore, during periods when the maximum output power of HESS is less than or equal to its frequency
regulation capacity, it is possible for the SOC of HESS to self-recover. Specifically, both battery and flywheel
energy storages can charge and discharge at their rated powers to restore their SOC values to 0.5, thereby
enhancing the continuous operational capability of HESS. At this stage, only TPU will participate in
frequency regulation by responding solely to secondary frequency control commands that have not been
addressed by HESS.



Energy Eng. 2025;122(9) 3467

The power commands for the SOC self-recovery of BESS and FESS are presented as follows:

_PB,rate’ 0.1< SOCB)t <0.5
Pyy? =10, SOCp; =05 15)
Pg rate> 0.5<80Cp,;<0.9

—PF,ratea 0.1< SOCFJ <0.5
PP =10, SOCe, =0.5 16)
Pgrates» 0.5<SOCg;<0.9

During the self-recovery process of HESS, the methodologies for calculating the SOC for both battery
energy storage and flywheel energy storage are presented as follows:

temp

P, X x At
SOCp, = SOCp 4+ Bt “MBX 27 (17)
B,rate
Ptemp « % At
SOCr; = SOCg 1 + % (18)
F,rate

3.2.3 Evaluation Indicators
(1) The standard deviation of SOC

To assess the recovery effect of the SOC in the HESS, a SOC standard deviation index of the energy
storage system is established to measure the deviation degree between the SOC of the energy storage system
and the standard SOC, as follows:

(SOC; = SOCyana)’

M=

J

Il
—

SOCj,bias = (19)

M

(2) Frequency modulation mileage

To assess the contribution of the hybrid energy storage to frequency modulation, an index of frequency
modulation mileage for the energy storage system was constructed, as presented in the following formula:

T
Dj =3 |P;(t) - P; (t-1)| (20)
t=1

3.3 Optimal Configuration Strategy for HESS in Supporting Secondary Frequency Regulation of TPU

This paper proposes an optimized configuration methodology for secondary frequency modulation
of TPU integrated with HESS, considering both the overall economic efficiency and frequency regulation
performance. It is crucial to comprehensively evaluate the cost-revenue disparity of HESS over its entire
life cycle, as well as the index. The lifecycle costs include investment expenses, operation and maintenance
expenditures, decommissioning and disposal fees, fault-induced loss costs, and frequency modulation costs
associated with TPU. The revenues consist of AGC frequency modulation mileage income, indirect benefits
from reduced coal consumption costs, and indirect benefits from decreased pollution discharge costs in
the power generation system. The index comprises regulation rate metrics, regulation accuracy metrics,
and response time metrics, this optimization configuration approach offers a theoretical foundation for the
development of the sub-platform for hybrid energy storage configuration.
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3.3.1 The Optimal Configuration Model of HESS Assisting the Secondary Frequency Regulation of TPU

The objective functions are respectively the minimization of the difference between the cost and the
benefit of HESS throughout its entire life cycle and the Kp index:

fl = min (Cinv + Com + Cyer + Cr + Crp — ka = Beoal — Benv) (21)
f>=min (8-K,) (22)

The calculation formula of Kp, the specific calculation formula is presented in Appendix A.
Kp = K1 X K2 X K3 (23)

(1) The cost throughout the entire life cycle of HESS
(D) The investment cost of HESS

The investment cost of HESS includes both the initial capital expenditure for the HESS and the
replacement cost of BESS. The replacement cost refers to the expenses incurred for replacing the BESS
equipment over the entire life cycle. Assuming a 20-year life cycle in this study, as the lifespan of FESS
typically exceeds 20 years, only the replacement cost of BESS is considered.

iTicc

n
Cinv = CB,PPB,rate + Z CB,EEB,rate (1 + 7')7[ mH ] + CF,PpF,rate + CF,EEF,rate (24)
i=0

Let DOD denote the depth of charge and discharge of the battery, and let N represent the number of
charge and discharge cycles. The functional relationship between the two can be expressed as:

DODy )0'19 61.69(1— DOD; ) (25)

Nc (DOD;) = N
c ) R(DODi )

To facilitate the computation of cycle numbers under varying charge and discharge depths, we define
the equivalent charge and discharge coefficient § as the number of complete charge and discharge cycles that
are equivalent to a single cycle at a specific depth DOD;.

Nc (1)

Nc (DOD;) (26)

8 (DOD;) =

The depth of charge and discharge of the battery at each frequency modulation stage on a given
day is statistically analyzed using the rain-flow counting method. By integrating this analysis with the
aforementioned equation, the equivalent number of charge and discharge cycles for that day can be
determined as follows:

Naay = i 8 (DOD;) (27)
i=1

Therefore, the operational lifespan of BESS can be determined as follows:

Nc (1
Tiige = ————2— W (28)
365 x Naay
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(@ The operating cost of HESS

The operating cost of HESS encompasses both power maintenance costs and energy maintenance costs.

Com = (Cs,p0Ps rate + Cr,p0PE rate) X ((1 +r)fiee - 1)/(r (1+ r)TLCC))

Ticc

+ Z (CB,EOWB (f) +CF,EOWF(t))(1+7’)_t (29)
=1
(® The cost of asset scrapping and disposal for energy storage

FESS is a form of physical energy storage, whereas BESS involves electrochemical processes and requires
recycling and end-of-life treatment. Consequently, only BESS incurs costs associated with scrapping and
disposal.

n+l

Cscr = CB,PschB,rate (1 + r)_TLCC + Z CB,EscrEB,rate (1 + r)_iTLCC/(n-H) (30)
i=1

(@ The cost of failure losses in energy storage

The cost of energy storage failure loss comprises the cost of failure treatment and the cost of power
outage loss.

Ticc

CF = Z [NFCF + Toffe (t) W(t)] (31)
t=1
(® The frequency modulation cost of TPU

The frequency regulation cost of TPU consists of the frequency regulation loss and wear resulting from
the inherent performance of TPU during the frequency regulation process, and the penalty cost for frequency
regulation deviation electricity.

Trce Ticc

Cre= ) xIPo = Poa| At + 3 aBar (147)" (32)
=1 -

where y denotes the ramping loss cost of the generating unit; Ey,,, represents the annual deviation electricity
volume; « is the penalty coeflicient, with a value of 30 ¥/MWh.

(2) The earnings of HESS within the entire life cycle

(D The revenue from AGC frequency modulation mileage

When TPU participates in AGC regulation services, leading to increased coal consumption costs, the
market provides economic compensation to AGC units to offset these additional expenses.

BKP = YAGC In (Kpd + 1) D (33)

(@ The indirect benefits of coal consumption reduction

The frequency regulation of TPU assisted by energy storage will lead to a reduction in the output of
TPU, thereby cutting down the fuel cost of TPU.

Ticc

Bcoal = Z (Et * Cfuel quel) (34)

t=1
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(3 Environmental benefits

With the reduction in the output of TPU, the corresponding decrease in greenhouse gas emissions can
be quantified as an environmental benefit. The formula for calculating this benefit is as follows:

Tice

Beny = Y. (E¢ * (Cnox + Cso2 + Cco2)) (35)
t=1

3.3.2 Constraint Conditions

(1) Power balance restriction

Page,t = Pg,t + Pt + Pp ¢ (36)

(2) Constraint on the rated power of HESS

_PBrate < PB t SPBrate
’ ’ ’ 37
{ _PF,rate < PF,t < PF,rate ( )
(3) SOC Constraints of HESS
SOCB,min < SOCB,t < SOCB,maX (38)
SOCF’min < SOCF,t < SOCF)maX

3.4 The Solution Process of the Optimization Configuration Method

In this scholarly work, the developed HESS optimization configuration model is solved utilizing the
multi-objective particle swarm optimization algorithm. The AGC instructions and the output of TPU, among
other fundamental information, are processed through the frequency regulation demand methodology
outlined in Section 3.1 to derive the actual output of TPU and the sequence of energy storage frequency
regulation demands. Parameters such as the population size and the number of iterations for the multi-
objective particle swarm optimization algorithm are set, and the velocities and positions of each particle are
initialized. Each particle’s coordinates represent the rated power capacity of HESS. By substituting these into
the HESS coordinated control strategy, the real-time output and SOC state of HESS are obtained. These values
are then substituted into the optimization configuration model to solve the multi-objective optimization
function, updating the global best value gbest;. The particle velocities and positions are updated, as well
as the individual best value pbest;. If the solution is optimal, the optimal configuration of the energy
storage, the optimal net profit, and the frequency regulation performance are obtained. If the solution is
not optimal, the updated particle coordinates undergo iteration until the optimal solution is achieved. The
pseudo-code for the multi-objective particle swarm optimization algorithm (Algorithm 1) is as follows:

Algorithm 1: Solving by multi-objective particle swarm optimization algorithm

Input: Population size N, Maximum number of iterations T, Boundary of energy storage parameters

[lb’ ub] = [PB,rate) —=Pg rate> Pr rate> —PF,rate> EB,rate> —EB,rate> EF,rate> _EF,rate]a Actual output of TPU Pg.+,
Sequence of frequency regulation demand for energy storage Pgemand, ¢

Output: Pareto frontier solution set A (including the optimal parameters of the hybrid energy storage
configuration)

1: Generate the initial population P = {x, x, - - -, xx }, the particle position represents the energy storage
configuration: x; = [Pb,Eb,Pf,Ef], Satisfy Ib < x; < ub;

(Continued)
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Algorithm 1 (continued)

2: Initialization speed v; = 0, Individual optimum pbest; = x;;

3: For each particle i:

4:  Invoke the control strategy: (Pg”t, SOC,, PJ‘Z”t, SOCf) < ControlStrategy (x; PG, t> Paemand,t)
5:  Calculate the objective function.: f1, f,

6:  Build the initial external archive A <~ NonDominatedFiltering (P)

7:fort=1to T do

8:  For each particlei € P:

9:  Select the global leader: Choose gbest; from A based on the congestion distance

10: vi*' = w* v+ o (pbest; — x!') + cory (ghest; — x!)

1 x=xt+v!

12:  x!*' < ProjectToBounds (1b, ub)

13:  Invoke the control strategy to acquire the real-time power output and SOC, Calculation f;**", f,"¢"
14: if (™ £, frev) < (pbesti, £, £7'7) then

15: pbest; « x!*!

16: Merge the new and old solutions: A <~ Au P

17: Non-dominated Sorting: Fy, F,, - - - < FastNonDominatedSort (A)

18: Fill the archive: while |A| < |Amax| do, Add solutions in the order of level F; to A, and truncate the
excess part according to the congestion distance

19:if |A] > |Amax|> Keep the first |A x| solutions in descending order of the crowding distance

20: Return the set of Pareto optimal configuration parameters stored in A.

4 Development of a Simulation Platform for Optimal Configuration of HESS to Support TPU in
System Secondary Frequency Regulation

4.1 More Aligned with Academic Contexts

Based on the requirements for frequency modulation, a coordinated control strategy has been developed
for HESS, along with an optimal configuration approach to assist TPU in secondary frequency modulation.
This has led to the creation of a visualization simulation platform designed for optimizing the combined
frequency modulation of thermal power and energy storage. The framework of this simulation platform is
illustrated in Fig. 4.

Part 1 provides basic information, including AGC, the management of actual output in TPU, the
parameter settings for cost and benefit analysis of energy storage configurations, and the parameter settings
related to control strategies.

Part 2 presents an analysis of the frequency regulation demand for TPU supported by energy storage
systems. This section examines the frequency regulation requirements with a focus on minimizing the
frequency regulation losses associated with TPU. It provides both the output sequence of this TPU and the
corresponding frequency regulation demand sequence for energy storage, which will be utilized in Part 3.

Part 3 focuses on the HESS configuration, encompassing both the optimal arrangement of HESS on the
thermal power side and the impact of this configuration on TPU.

Part 4 presents the feasibility analysis. Building upon the insights gained from the preceding three
sections, a comprehensive feasibility assessment of the HESS configuration scheme is conducted. This section
also details the data output and report generation associated with the proposed configuration scheme.



3472 Energy Eng. 2025;122(9)

Data management

B
1

1

Parameter] ‘ H
Basic Information )]

Data !

1| Parameter settings
1

Data

|

|

|

|

|

|

|

I

I

: v Without Taking into Account the
1 Analysis of the frequency | Frequency Modulation Loss of TPU
: Regulation Demand :'\V

I
I
I
I
I
I
I
I
I
I
I

1| Taking into Account the Frequency
H Modulation Loss of TPU

PG, | Pdemand,r

v i Optimal Configuration Setup of i

Hybrid Energy Storage 4>: HESS on the Side of TPU i
i i

1

1

Y

Configuration H The Configuration Effect of
H HESS on the Side of TPU

Feasibility Analysis

Figure 4: Overall architectural framework

4.2 Design and Functional Specification of Sub-Platforms
4.2.1 Basic Information Sub-Platform

This sub-platform includes AGC instructions, the management of TPU outputs, parameter settings
for the cost-benefit analysis of energy storage configurations, and parameter settings for the coordinated
control strategy of HESS. The structure is illustrated in Fig. 5. In the data management sub-module, AGC
instructions and thermal power data are imported and displayed by selecting a specific date and determining
an appropriate sampling interval. In the parameter setting sub-module, parameters related to both the cost-
benefit analysis of energy storage configurations and those about the coordinated control strategy of HESS
are inputted.

External Data Memory
Thermal Power Generation, AGC command

Simulation Platform—Basic Information Sub-platform ‘

| !

Data management Parameter settings
Importing data | | Date choosing Parameters for Cost- Parameters of the
Add data Sampling Benefit Analysis of Energy | | Coordinated Control
Delete data Interval Storage Configurations Strategy for HESS

Figure 5: Architectural structure of the basic information sub-platform

4.2.2 Frequency Modulation Demand Analysis Sub-Platform

This sub-platform evaluates the impact of frequency modulation losses from TPU on the frequency
modulation demand for energy storage. Utilizing the established frequency modulation demand calculation
methodology, it employs the difference method to compute the frequency modulation demand without
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accounting for TPU losses and the filtering method to calculate the demand when these losses are considered.
The analysis of frequency modulation losses includes scenarios where actual output data from TPU are
available as well as cases based solely on the frequency modulation response models of these units. The
frequency modulation demand analysis sub-platform primarily processes and analyses data from the basic
information sub-platform to derive the sequence of frequency modulation demand for energy storage.
Additionally, it can generate various statistical characteristics of the analyzed data. The structure is illustrated
in Fig. 6.

Simulation Platform—Basic Information Sub-platform ‘

iData

‘ Simulation Platform—Frequency Modulation Demand Analysis Sub-platform ‘

Revising the frequency modulation || Considering the frequency modulation
loss associated with TPU losses associated with TPU
l
v v

the TPU is provided | | modulation response of TPU

I
I
I
I
I
The actual output of The model for frequency :
I
I
I
I
I
I

‘ Graphical presentation,eigenvalue ‘

Figure 6: Architectural structure of the frequency modulation demand analysis sub-platform

4.2.3 Hybrid Energy Storage Configuration Sub-Platform

This sub-platform is grounded in the hybrid energy storage coordinated control strategy and the
optimized configuration method for HESS assisting TPU in frequency modulation, as proposed in this study.
It leverages parameters from the basic information sub-platform and integrates the output of TPU and the
frequency modulation demand sequence provided by the frequency modulation demand sub-platform. By
employing intelligent optimization algorithms, it determines the optimal configuration of HESS on the TPU
side. Additionally, it presents the energy storage status, evaluates the economic efficiency of the hybrid energy
storage configuration, and provides a detailed breakdown of cost proportions over the entire life cycle. The
structure is illustrated in Fig. 7.

4.2.4 Feasibility Analysis Sub-Platform

This sub-platform, built upon the optimized configuration outcomes of the hybrid energy storage
configuration sub-platform, is designed to conduct comparative analyses of various control strategies under
identical configurations. It evaluates factors such as net income, SOC conditions, battery lifespan, and
frequency regulation capabilities for thermal storage across different control strategies. The results of these
evaluations are presented and can be exported in the format of technical assessment schematic diagrams and
performance comparison tables, as illustrated in Fig. 8.
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Figure 7: Architectural structure of the hybrid energy storage configuration sub-platform
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Figure 8: Architectural structure of the feasibility analysis sub-platform

5 Verification of the Simulation Platform

5.1 Computational Example Conditions

To validate the effectiveness of the simulation platform, this case study utilizes the measured data from a
330 MW TPU in a specific domestic location on the fifth day for analysis. The system parameters are detailed

in Table Al of Appendix B [22,23].

5.2 Validation of the Functional Capabilities of the Simulation Platform
5.2.1 Realization of the Functional Capabilities of the Basic Information Sub-Platform

In the context of the data management module, clicking the “Import Data” button facilitates the import
of AGC instructions and thermal power output in various formats. The “Add” button allows for incremental
data imports on top of the existing dataset. The “Delete” button enables the removal of selected data entries via
mouse selection. Data visualization presents the AGC instructions and thermal power output corresponding

to the selected date. As illustrated in Fig. 9.
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Figure 9: Simulation of the basic information sub-platform

5.2.2 Realization of the Functional Capabilities of the Frequency Modulation Demand Analysis
Sub-Platform

When calculating the frequency regulation demand without accounting for the reduction in thermal
power frequency regulation losses, clicking the “Confirm” button displays the AGC characteristic values,
thermal power output characteristics, and the corresponding frequency regulation demand. Additionally,
the frequency regulation demand for a specific time interval within a day can be computed by adjusting the
start and end sampling points. As illustrated in Fig. 10, when thermal power frequency regulation losses are
not considered, the required energy storage power is 32.6 MW and the required energy storage capacity is
33.09 MWh.

When calculating the frequency regulation demand while accounting for the reduction in TPU
frequency regulation losses, the frequency regulation mileage of TPU is used as a metric to quantify these
losses. Scenarios based on the actual output of known TPU are selected, and the EMD method is employed.
By adjusting the order of EMD, the frequency regulation mileage of TPU is minimized to obtain the
corresponding frequency regulation demand. As illustrated in Fig. 10, when the frequency regulation mileage
decreases by 84.32%, the frequency regulation capacity of the thermal power unit is 1330 MW, the required
power for energy storage is 51.79 MW, and the required energy storage capacity is 64.81 MWh.
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Figure 10: Simulation of the frequency modulation demand analysis sub-platform

5.2.3 Realization of the Functional Capabilities of the Hybrid Energy Storage Configuration Sub-Platform

In the hybrid energy storage configuration sub-platform, the battery and flywheel hybrid energy
storage configuration scheme are selected. The parameters of the PSO model are configured. Based on the
previously described optimization approach for HESS assisting TPU in secondary frequency regulation and
the specified case conditions, clicking the “Start” button yields the HESS configuration results, economic
performance metrics, and the output and SOC status of the energy storage systems. As illustrated in Fig. 11,
the rated power of the lithium-ion battery is 15.35 MW, the rated capacity is 26.46 MWh, the rated power of
the flywheel is 28 MW, the rated capacity is 28 MWh, the net income is 2.41 billion yuan, and the Kp is 6.66.

This sub-platform is also capable of operating other configuration schemes. The configuration outcomes
and economic indicators of all configuration schemes are presented in Tables 2 and 3 as follows: When
a single battery is configured, the replacement cost of the battery constitutes 58.21% of the total cost of
frequency modulation throughout the entire lifespan. Compared with the single battery configuration, the
lifespan of lithium batteries in the HESS configuration is increased by approximately 2.66 times, effectively
reducing the replacement cost of the battery [24]. When a single flywheel is configured, the initial investment
cost accounts for 67.67% of the total cost of frequency modulation throughout the entire lifespan. The lower
investment cost of lithium batteries in the HESS configuration leads to a reduction of 1.07 billion yuan in
the total cost compared with the single flywheel configuration. This demonstrates that this configuration
method effectively enhances the economic performance of the HESS.



Energy Eng. 2025;122(9) 3477
(® Simulation Platform for Optimal Configuration of Hybrid Energy Storage Assisting Thermal Power Units in Participating in System Se..  — a >
Basic Information Sub-platform Frequency Modulation Demand Analysis Sub-platform Hybrid Energy Storage Configuration Sub-platform Fei >
Optimal Configuration of HES... Economic Analysis of Energy Storage Capacity Configuration
PSO model setting E ic Indi of Energy Storage Configuration Outcomes Proportion of each cost
Number of iterations | Economic indices Vaule | Life Cycle Cost Percentage
L r Total cost{ ¥ ) 2.0690e+08 = | |Investment cost(%) 63.0385 |
Size of the PSO | 10 | ]
. Total revenue( ¥ ) 4.4831e+08 Replacement cost{%) 17.4631 |
Mam;rtn:o ?‘i::i:c_rg; | 60 |minutes |Tife (year) B.3447 Power maintenance cost(%) 1?.5236?
| KP 6.6625 Energy maintenance cost(%) 1.7667 |
= ”- i HESS v J! Investment cost{ ¥ ) 130427000 Cost of asset scrapping and disposal(%) 0.1501.
rs'::hzn':e Replacement cdst[ .¥] Il 3.6131e+0?’- Wear and tear cost of TPU(%) 0.0032
Strategy [ Coordinated... ¥ i Power maintenance cost( ¥ ) | 3.6256e+07 Penalty cost for power deviation(%) 0.0506.
_ Energy maintenance cost( ¥ ) 3.6554e+06 Cost of failure losses(%) 0.0040
Cost.:);‘.assel scrapping a.r-ld"d-ispnsal[ ¥ p"- 3.1065e+05
Config Configuratio .
A tmm.@;é?:é " FF?O%__ ‘ Wear and tear cost of TPU( ¥ ) 6.7141e+03 2
outcome of energy storage co...| State of Energy Storage
Py 1535 MW apg - UL OR EaCHiRS ey tion R Coi SOC of the Energy Storage
; ey et LI _. S
Eee 2546 MWh _ 200 d o8 | \—* pesl
’ = Battery output capacity { 4 | 1 \
= Fl ] i 0B | i |
P are 28 MW | — 100 my‘:ee S L\ — ik f b
¥ z § TPU output capacity aan [/ r
Eriata 28 | MWh € o [‘Hi‘fﬁﬁwmﬁﬁlﬂwqﬁrﬁﬁﬂrﬁlw 'I | il
Kp  6.66 o 0_' ' ' ! .
X . o 2 4 6 8 0 2 4 6 8 10
Netincome | 2.414e+05 | ¥ Samping poit 10t Sampling point it
Figure 11: Simulation of the hybrid energy storage configuration sub-platform
Table 2: Configuration result
Configuration Rated power of Rated capacity Rated power of Rated capacity
scheme battery/ MW of the of the
battery/MWh  flywheel/MW  flywheel/MWh
HESS 15.35 26.46 28 28
Single BESS 50.21 45.05 0 0
Single FESS 0 0 40.5 40.5
Table 3: Contrast of economic indicators
Economic index Single BESS Single FESS HESS
Total cost (billion yuan) 4.33 3.14 2.07
Total revenue (billion yuan) 4.46 4.51 4.48
Battery life (years) 2.28 0 8.34
KpP 6.49 6.67 6.66
Investment cost (billion yuan) 0.79 2.13 1.30
Replacement cost (billion yuan) 2.52 0 0.36
Power maintenance cost (billion yuan) 0.35 0.37 0.36

(Continued)
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Table 3 (continued)

Economic index Single BESS Single FESS HESS
Energy maintenance cost (billion yuan) 0.66 0.64 0.04
Cost asset scrapping and disposal for energy storage 1.63 0 0.31
(million yuan)
Cost of failure losses in energy storage (thousand yuan) 62.4 61.1 8.4
Frequency modulation cost of TPU (million yuan) 0.21 0.16 0.02
Revenue from AGC Frequency modulation mileage 4.44 0.45 0.45
(billion yuan)
Indirect benefits of coal consumption reduction (thousand yuan) 9.2 9 0
Environmental benefits (million yuan) 2.06 2.02 0
Net revenue (billion yuan) 0.13 1.37 2.41

5.2.4 Realization of the Functional Capabilities of the Feasibility Analysis Sub-Platform

Based on the optimized configuration results obtained from the hybrid energy storage configuration
sub-platform, clicking the “Draw Graph and Generate Report” button allows for a comparative analysis of the
performance of different control strategies, as illustrated in Fig. 12. Strategy 1 represents the proposed method
in this study; Strategy 2 is identical to Strategy 1 but does not consider the self-recovery of the SOC of the

HESS; Strategy 3 employs a dynamic SOC proportion allocation approach among the HESS and incorporates
the self-recovery of the SOC.

(® Simulation Platform for Optimal Configuration of Hybrid Energy Storage Assisting Thermal Power Units in Participating in System Se...  — O
< Frequency Modulation Demand Analysis Sub-platform Hybrid Energy Storage Configuration Sub-platform Feasibility Analysis Sub-platform
Data selection Technical A t Schematic Diag
_ : F situation
Date selection | 5 || day 300

Initial sampling

Terminal sampling

T I. | l .I
point 280 | || " ir | |

8.64e+04
point

Technical

Scheme selection

Control Strategies |Strategy 1 ¥ | a0 |

u h | ='i i'|||i|'illl.l-u "4;"" " J I ]]E[f{i|j|||.ﬂél!
vl ! TR | "1| "'Il‘f'. y i|

Power (MW )

“nd | ’ Output of TPU and HESS
PB.rale 15.35 Mw | — . .
1 2 3 4 s P = . 3
Egrate = 2646 =~ MWh & i o
o o espont
Eraue 2 Ll Performance l:émpaﬁkon Table of Different Soluti

Generate reports

Scheme Identifier | 1

Frequency mod... ¥ | |0 |Strategies |Netincome(¥) |SD of Battery SOC |SD of Flywheel SOC |Total FRM{MW) |DOD Cumulative |Tiife{year) |

1 1 24141e+08 0.0308 0.2297 1.3017e+06 | 0.9660 B.3447 |

2 2 1.2411e+08 0.2445 0.2486 1.0537e+06 | 13112 3 1-1435

3 3 B.7T14e+07 0.1449 0.1416 1.33848+06 | 34165 20281
i

Figure 12: Simulation of the feasibility analysis sub-platform
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As illustrated in the figure above, under Strategy 1, the standard deviation of the battery SOC is 0.0908,
and that of the flywheel SOC s 0.2297; under Strategy 2, the standard deviations are 0.2445 for the battery and
0.2486 for the flywheel; under Strategy 3, the standard deviations are 0.1449 for the battery and 0.1416 for the
flywheel. Strategies 1 and 3 incorporate the self-recovery mechanism of hybrid energy storage SOC, leading
to better maintenance of both battery and flywheel SOC levels, thereby enhancing the continuous operation
capability of HESS. In contrast, Strategy 2 exhibits a lower total frequency regulation mileage compared
to Strategies 1 and 3. This is attributed to the absence of SOC self-recovery in Strategy 2, which results in
significant declines in the SOC levels of both the flywheel and battery during the later stages of frequency
regulation. Consequently, this leads to reduced frequency regulation mileage and diminished continuous
operation capability of HESS.

Under Strategy 1, when the SOC of the flywheel energy storage is within normal or high ranges, the
flywheel energy storage responds with priority, while the battery compensates for any power deficiencies.
This results in a relatively low DOD cumulative for the battery, thereby extending its service life. In contrast,
Strategy 3 employs proportional power distribution between the battery and flywheel based on their real-
time SOC levels. Under this strategy, the DOD cumulative of the battery is significantly higher, leading to
a substantially greater loss in battery service life compared to Strategy 1. Specifically, the battery service life
under Strategy 1 is 3.11 times longer than that under Strategy 3.

6 Conclusion

This paper proposes a coordinated control strategy for HESS and develops an optimization configura-
tion method for secondary frequency regulation of TPU assisted by HESS. The proposed method aims to
minimize the full life-cycle cost of energy storage while enhancing the system’s frequency regulation perfor-
mance. Based on this optimization approach and utilizing Matlab Appdesigner, a visualization simulation
platform has been developed for the optimal configuration and coordinated control of thermal power and
energy storage units in frequency regulation applications. The case study employs actual operational data
from a 330 MW TPU in North China to validate the effectiveness of the visualization simulation platform.
Simulation results demonstrate that the platform can manage data efficiently, conduct demand analysis for
energy storage frequency regulation, achieve optimal hybrid energy storage configuration through intelligent
algorithms, and perform feasibility studies. The platform is user-friendly, and its configuration results are
accurate and reliable.
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Glossary

Pscet AGC instruction at time t

Prhermal,r 1 Low-frequency component of the actual output of the thermal power unit without energy storage
configuration at time t

PG ¢ Actual output of the thermal power unit at time t

Piemand, t Sequence of frequency regulation demand for energy storage at time t

Pacet i Low-frequency component of the AGC command

Py, The actual output of battery energy storage at the moment t

Pr, The actual output of the flywheel energy storage at the moment t

Pg rate Rated power of battery energy storage

Pr rate Rated power of flywheel energy storage

Pyy ¢ Actual output of hybrid energy storage system

SOCsg,; The SOC of battery energy storage at the moment t

SOCy,; The SOC of flywheel energy storage at the moment t

PyyY Self-recovery power command of battery energy storage SOC at time t

PeyY Self-recovery power command of flywheel energy storage SOC at time t

Ep rate Rated capacity of battery energy storage

EF rate Rated capacity of flywheel energy storage

1B Charge and Discharge efliciency of battery energy storage

NE Charge and Discharge efficiency of flywheel energy storage

At Single control time

SOC; bias Standard deviation of the SOC of the energy storage system j

SOCstand Standard SOC

M Total control period

D; Frequency modulation mileage of energy storage system j

P;(t) Frequency modulation power of energy storage system j at time t

Ciny The investment cost of HESS

Com The operating cost of HESS

Cser The cost of asset scrapping and disposal for energy storage

Cr The cost of failure losses in energy storage

Crr The revenue from AGC frequency modulation mileage

By The revenue from AGC frequency modulation mileage

Beoal The indirect benefits of coal consumption reduction

Beny Environmental benefits

K Regulation rate indicator

K, Regulation accuracy indicator

K; Response time indicator

Cs,p The cost per unit power of battery energy storage

Crp The cost per unit power of flywheel energy storage

Cor The cost per unit capacity of battery energy storage

CrE The cost per unit capacity of flywheel energy storage

R The discount rate

Ticc Entire life cycle

N Replacement frequency

Tife Battery lifespan

Dggss The charge-discharge depth of the battery

Nc Number of charge-discharge cycles



Energy Eng. 2025;122(9) 3481

DgEss,i

Dggss,r
Nr

0

Nc (1)
Cs.ro
Cero
Cs.ro
Cero
Wg(t)
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Appendix A

The depth of charge-discharge for the i-th cycle

Rated charge and discharge depth

The maximum number of charge-discharge cycles of the battery at the rated depth of charge-
discharge

Equivalent charge and discharge coefficient

The maximum number of charge-discharge cycles in the case of full charge and discharge
The operation and maintenance cost per unit power of the battery

The operation and maintenance cost per unit power of the flywheel

The operation and maintenance cost per unit of energy of the battery

The operation and maintenance cost per unit of energy of the flywheel

The annual charge-discharge quantity of the battery

The annual charge-discharge quantity of the flywheel

The cost of waste disposal per unit power of batteries

The cost of battery scrap disposal per unit of energy

Annual average failure frequency of energy storage equipment

Average cost of fault treatment

The annual average outage duration of energy storage devices

The electricity price of the energy storage ancillary service market in the t-th year
The charge and discharge electricity of energy storage in the t-th year

The cost of unit ramping loss

Annual deviation of electricity volume

Penalization coeflicient

The price of AGC compensation

The frequency regulation discharge volume of energy storage on the same day
Unit price of fuel

The fuel quantity required per unit of electricity generation

The emission cost of nitrogen oxides required per unit of electricity generation
The emission cost of sulfur dioxide required per unit of electricity generation

The emission cost of carbon dioxide required per unit of electricity generation
The lower limit of the SOC of battery energy storage

The upper limit of the SOC of battery energy storage

The lower limit of the SOC of flywheel energy storage

The upper limit of the SOC of flywheel energy storage

The regulation rate of the thermal power unit during the i-th regulation

The output of the TPU at the time when the AGC command is updated at the current moment

The regulating dead zone of TPU

The regulation dead zone of AGC command

The standard regulation rate of the TPU

The regulation deviation of the TPU during the i-th adjustment period
The permissible regulation deviation of the TPU

Response time of the TPU for the i-th regulation

Standard response time of the TPU

It can be inferred from the “Two Rules” governing grid-connected power plants in the North China
region that the frequency modulation performance of thermal power units, following the execution of a
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single AGC command, is assessed using the Kp index. Fig. Al illustrates the typical AGC response process
for a specific unit within the grid. The calculation method for determining the comprehensive frequency
modulation performance index Kp is outlined as follows.

Pmax
e e e g o

P E=======1"
Pmin ‘ ‘

T, Ty T T, T

Figure Al: Typical AGC response process of thermal power units

(1) Regulation rate

The regulation rate, which represents the ramping stage of the thermal power unit’s response to the AGC
command as shown in the T;-T) interval, is calculated using the following formula:

_ (Page - PRad) - (P + PE)
T,-T,

(A1)

Vi

K, = max(O.l,Z— V—N) (A2)
Vi
(2) Regulatory precision
The regulatory precision corresponds to the stable stage of the thermal power unit’s response to the AGC
command, as depicted in the T,-T; interval in Fig. Al. During this phase, the unit’s output has exceeded the
AGC command deadband. The evaluation focuses on the regulation deviation during this period, and the
calculation formula is:

T
_ J1,|Pa.t = Pagcldt

AP; (A3)
T,-T,
AP;
K, = max (0.1,2 - —’) (A4)
APN

(3) Response time

The response time corresponds to the initial response stage of the thermal power unit to the AGC
command, as depicted in the Ty-T; interval in Fig. Al. The formula for calculating the actual response time
is as follows:

t; =T, - T (A5)
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Appendix B
Table Al: System parameters
Parameter Value
Cpp/(¥MW™) 500,000
Cpe/(¥MWh™) 1,200,000
Cep/(EMW™) 1,250,000
Cee/(¢:MWh™) 2,000,000
Cgpo/(¥-MW™1) 60,000
Cgpo/(¥-MWh™!) 1000
Cepo/(¥-MW™) 80,000
Ceeo/(¥:MWh™) 1000
Cpser/(FMW ™) 7200
CEscr/(¥'MW_1) 7200
Np/(time) 0.033
Cp/(¥-time™!) 600
Tos/(h) 0.396
y/(¥MWh™!) 63.5
Yage/(¥:-MW™1) 5
a/(¥-MWh™) 30
Cruel/ (¥-t71) 400
Weael(gkWh™!) 350
Crnox/(¥MWh™!)  10.074
Cso2/(¥-MWh™) 2.671
Ccoz/(¥MWh™)  18.669
8Py 3.3
yn/(MW/min) 6.6
tn/(s) 60
Ot/(s) 1
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