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Abstract: With the promotion of carbon peaking and carbon neutrality goals and the construction
of renewable-dominated electric power systems, renewable energy will become the main power
source of power systems in China. Therefore, ensuring frequency stability and system security will
emerge as pivotal challenges in the future development process. Created by combining a Li-ion
battery and a supercapacitor, a hybrid energy storage system (HESS), which possesses robust power
regulation capabilities and rapid response capabilities, holds promise for supporting the frequency
stability of power systems. In this context, the assessment of the economic viability of HESSs
providing multitype frequency response services becomes a critical factor in their deployment and
promotion. In this paper, an economic analysis approach for a Li-ion battery-supercapacitor HESS
towards a multitype frequency response is presented. First, a multitype frequency response-oriented
operational mode for the HESS is designed, outlining the roles and functions of the Li-ion battery
and the supercapacitor in delivering distinct services. Moreover, building upon the analysis of the
power trajectory of Li-ion batteries, a lifetime model for the HESS is proposed based on the rain-flow
counting method. Furthermore, considering the competitive landscape for the HESS in the frequency
regulation ancillary service market, a full lifecycle economic assessment model is proposed. Finally,
case studies on actual power system frequency data and PJM market data are performed to verify
the effectiveness of the proposed method, and the simulation results confirm that the HESS exhibits
robust performance and a competitive advantage in providing multitype frequency response services.
Additionally, it demonstrates commendable economic benefits, establishing its potential as a valuable
contributor to frequency response services.

Keywords: hybrid energy storage system; Li-ion battery; supercapacitor; inertia response; primary
frequency regulation; secondary frequency regulation

1. Introduction

With China clearly proposing the goal of “striving to achieve carbon peak before 2030
and carbon neutrality before 2060,” the energy sector, which has the highest proportion of
carbon emissions, will undergo a fundamental reform with a high proportion of renewable
energy sources replacing traditional fossil fuels [1,2]. Meanwhile, with the large-scale
integration of power electronic devices into the power system and the deployment of
high-capacity cross-regional direct current transmission technology, a high proportion of
electrification through power electronics has also become a significant characteristic of the
advanced power system [3]. In this context, the intermittency, randomness, and volatility
of high-proportion renewable energy generation have posed significant challenges to the
real-time balance of power supply and demand. Because synchronous generators are
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gradually being replaced, the pressure for frequency regulation has increased, leading to a
reduction in the rotational inertia of the power system and an increasingly prominent issue
of system frequency stability [4]. As the installed capacity of renewable energy generation
continues to increase, existing frequency regulation methods may encounter bottlenecks,
and the capacity for flexibility is gradually depleted. Therefore, there is an urgent need for
further development and exploration of flexible regulatory resources, which can adjust the
active power and promote the frequency restoration of power systems [5].

Energy storage, as an emerging power technology, not only enables the decoupling
of electricity generation and utilization in time and space but also possesses strong power
output and regulation capabilities [6,7]. With the maturation of energy storage technology
and its business models, the manufacturing cost of energy storage has been significantly
reduced, and the profits obtained from energy storage have increased [8]. Energy storage
systems (ESSs), represented by electrochemical energy storage technology, have been
widely deployed and applied on a large scale in the power system, providing a vast amount
of flexible capacity and frequency support capabilities [9]. Currently, the Li-ion battery ESS
is the most widely used and has the highest installed capacity among advanced energy
storage technologies, and its functionality and effects in the field of frequency support have
also garnered extensive attention and research [10,11].

Linear and understandable rules of frequency stability are proposed for unit commit-
ment problems where the influence of the battery ESS is deeply considered [12]. In [13],
using the isolated power system of Israel as an example, the frequency regulation effect
of a 30 MW battery ESS is quantified, suggesting that battery ESSs can provide significant
dynamic operational benefits for power companies. In [14], a pre-hour optimal bidding
strategy is proposed for shared battery ESSs targeting energy and power ancillary service
markets, enabling shared energy storage in order to simultaneously provide primary and
secondary frequency regulation (SFR) services. In [15], which focuses on primary frequency
regulation (PFR), the impact of different state-of-charge (SOC) management strategies on
the lifetime of a Li-ion battery ESS is analyzed. However, although Li-ion battery energy
storage boasts high energy density, adaptability to various scenarios, and a fast construc-
tion speed, it still faces challenges such as a relatively short cycle life and an inability to
respond instantaneously. As a result, the capability of Li-ion battery ESSs to provide an
inertial response for the power system is relatively weak, and their lifetime also affects the
economic viability of energy storage investments [10].

Supercapacitors represent another type of power-oriented energy storage technology,
characterized by long cycle life, extremely fast response speed, and high charge-discharge
efficiency. In [16], a supercapacitor is introduced to provide the transient power required by
electromechanical actuators on-board aircraft. In interconnected PV-based AC microgrid
clusters, the supercapacitor can be adopted to improve the dynamic inertia response [17].
In [18], an inertia emulator formed with supercapacitors is proposed to improve inertia in
a low-inertia grid considering the influence of high-proportion renewable energy genera-
tion. However, supercapacitors have a low energy density and cannot support prolonged
charge—discharge periods. Due to the complementary characteristics of supercapacitors and
Li-ion batteries, the two can be combined into a hybrid energy storage system (HESS) to
compensate for the drawbacks of standalone ESSs [19]. In [20], the applications of HESSs in
microgrids are reviewed comprehensively, in cases where HESSs have been adopted to im-
prove power quality, provide ancillary services, and contribute in terms of frequency. The
combined battery ESS and supercapacitor can grip average and transient power changes to
stabilize the power system [21]. A HESS consisting of a battery and a supercapacitor is pro-
posed in [22] to achieve the power management of virtual synchronous generators, and the
proposed HESS can exhibit a similar frequency dynamic response to those of synchronous
generators. In [23], a Li-ion battery—supercapacitor HESS is used to provide an inertial
response and PFR services, with the supercapacitor component enhancing the system’s
inertia. In [24], the concept of frequency-coordinated virtual impedance is proposed for au-
tonomous control of DC microgrids. This control strategy enables effective power frequency
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allocation between Li-ion batteries and supercapacitors, achieving seamless transitions.
In [25], power imbalances caused by renewable energy generation are categorized into
small, medium, and large power fluctuations, compensated for and smoothed by Li-ion
battery energy storage, supercapacitors, and conventional generators, respectively, which
achieve high-precision, fast-response SFR. At present, the feasibility of a HESS providing
services like inertial response, PFR, and SFR has already been verified. However, there is
limited research on the economic assessment of HESSs participating in diverse frequency
response services. It is important to note that the economic evaluation of HESSs needs to be
considered within specific broader contexts. Taking China as an example, with the gradual
development of and improvements in the electricity market, the impact of market-driven
frequency response services on HESSs needs to be carefully considered [26].

This paper focuses on the economic analysis of a Li-ion battery—supercapacitor HESS
for multitype frequency response services, aiming to provide reference information for
energy storage investment and capacity configuration decisions. The main contributions of
this paper are as follows:

(1) An operational mode for a HESS tailored to multitype frequency response is devel-
oped, and the operational paradigm of the HESS for different frequency response
services is determined.

(2) A lifetime model for the HESS considering multitype frequency response is designed
based on the rain-flow counting method, which introduces a frequency regulation
mileage-energy storage power mapping scheme based on the Monte Carlo simulation.

(3) A frequency regulation ancillary service market-clearing model that accounts for
the participation of the HESS is proposed, and a comprehensive lifecycle economic
evaluation model for the HESS is presented.

2. HESS and Its Frequency Response Mode
2.1. Li-ion Battery—Supercapacitor HESS

Li-ion batteries are common energy storage components that are widely utilized in
power systems. However, during their practical operation, Li-ion battery ESSs exhibit a
delay in responding to disturbances within the power system, requiring a certain response
time (although the delay is typically just a few hundred milliseconds). As the amount
of renewable energy generation continues to rise, the rotational inertia of power systems
gradually decreases. Therefore, there is a growing need for novel types of power equipment
to serve as new sources of rotational inertia, resulting in higher requirements for the inertia
support capabilities of ESSs in the future. Furthermore, while the cycle life of Li-ion
batteries has significantly improved in recent years, further extension of the lifetime of
Li-ion battery ESSs remains a key factor in enhancing investment benefits.

To simultaneously meet the performance requirements of providing multitype fre-
quency response capabilities, combining Li-ion batteries with supercapacitors to create a
HESS becomes a reasonable choice. In the HESS, Li-ion batteries are used as energy reser-
voirs due to their high energy density, while supercapacitors, with their high power density
and rapid charge—discharge characteristics, serve as power reservoirs. By integrating these
two components, it becomes possible to leverage the high-energy-density advantages of
Li-ion batteries to ensure sufficient discharge durations for SFR. Simultaneously, the charac-
teristics of supercapacitors are utilized to actively manage short-term, high-power signals,
meeting the demands for inertial response while effectively protecting Li-ion batteries and
significantly extending their lifetime.

2.2. Operational Mode of HESS for Multitype Frequency Response

As shown in Figure 1, following a disturbance in the power system, its active fre-
quency dynamic process goes through inertia response and frequency regulation stages,
bringing the power system back to equilibrium. During this process, the HESS can provide
corresponding frequency support services to the power system at different stages through
control strategies.
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Figure 1. Typical timing diagram of frequency response in power systems.

2.2.1. Inertia Response Mode of HESS

Considering the power system’s high requirements for inertia response speed, the task
of inertia response is undertaken by the supercapacitors. Although supercapacitors provide
physical energy storage, they lack the same physical inertia as synchronous generators. In
this scenario, virtual synchronous machine technology can be employed to impart inertia
attributes to the supercapacitors.

The principle of a virtual synchronous machine involves introducing the synchronous
machine’s rotor motion and electromagnetic transient equations into the inverter control
loop, giving it the external characteristics of synchronous machine operation and simulating
the synchronous machine’s voltage source characteristics [22,27]. Supercapacitors based
on virtual synchronous machine technology exhibit the same external characteristics as
synchronous machines. Their inverter output voltage is the controlled variable, and the
output power is the manipulated variable, allowing for disturbance power distribution
similar to that of synchronous generators. When a power disturbance occurs, the output
power of the inverter experiences abrupt changes, resulting in an imbalance between the
input and output power of the unit. The inertia energy storage unit immediately absorbs
or releases energy in response to the input-output power deviation, supporting the output
power to maintain the power balance within the system. Its inertia response characteristics
are similar to those of synchronous machines, enabling instantaneous provision of inertia
support power during moments of unbalanced power without delay. Supercapacitors
controlled by a virtual synchronous machine equivalent effectively increase the system’s
inertia level, slowing down the rate of frequency change during disturbances.

Since only supercapacitors are involved in the inertia response, the inertia response
power at this point is equivalent to the power of the supercapacitors.

2.2.2. PFR Mode of HESS

When the frequency of the power system exceeds the regulation deadband, Li-ion
batteries adjust their active power output through a rapid frequency response to reduce
frequency deviations. In general, Li-ion batteries can participate in PFR using either
virtual inertia control or virtual droop control. The former can quickly support the system
frequency, while the latter can effectively reduce frequency variation. Compared with
supercapacitors using virtual synchronous machine technology, not only do Li-ion batteries
involved in PFR have a longer response time, but virtual inertia control also introduces a
certain delay (around 100 ms). This is because virtual inertia control requires measuring
the system frequency, filtering it, and feeding it back to the active power control loop of the
inverter to change the active power reference value.

For thermal power generation units, inertia response involves supplementing or ab-
sorbing unbalanced power in the system through inertia-supported power from energy
storage components like rotors. On the other hand, PFR entails increasing or decreasing
power from the prime mover to compensate for the unbalanced power caused by distur-
bances. However, for ESSs, inertia response, PFR, and subsequent SFR all involve energy
storage or release. Therefore, after providing instant inertia support power, supercapacitors’
subsequent power output and variations can be considered as PFR. In this case, the PFR
power of the HESS is the sum of the powers of the supercapacitors and Li-ion batteries. It is
worth noting that the duration of PFR typically does not exceed 30 s. To ensure consistency
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between the availability of PFR in the HESS and the declared parameters, supercapacitors
should be configured based on a standard duration of no less than 30 s.

2.2.3. SFR Mode of HESS

During the process of SFR, the HESS needs to track the commands issued by the
power dispatch agency and adjust the power generation and consumption in real time at a
certain rate to meet the requirements of power system frequency and interconnection power
control. Compared with the inertia response, SFR has lower requirements for response time
but has certain duration requirements. Considering the relatively high cost of increasing
the capacity of supercapacitors, SFR is primarily carried out by Li-ion batteries. In this case,
the SFR power of the HESS is the power of the Li-ion batteries.

It is worth mentioning that the cycle life of supercapacitors far exceeds that of Li-ion
batteries. Therefore, supercapacitors can track the peak portion of the frequency regulation
signal during the SFR process, reducing the number of charge—discharge cycles of Li-ion
batteries and extending their lifetime.

3. HESS Lifetime Model Considering Multitype Frequency Response

In the process of providing multitype frequency response services, the HESS undergoes
charging and discharging cycles of both Li-ion batteries and supercapacitors, leading
to a reduction in the lifetime of the HESS. Constructing a lifetime model for the HESS
that considers multitype frequency response is essential for providing crucial lifetime
information for economic analysis.

As the cycle life of supercapacitors is influenced by factors such as temperature,
discharge rate, and current waveform, with no definite conclusion on the extent of these
influences [28], and since their cycle life is as high as 500,000 to 1,000,000 cycles [29],
significantly exceeding that of Li-ion batteries, this paper assumes that the lifetime of
supercapacitors is notably longer than that of Li-ion batteries. Therefore, the lifetime of the
HESS is determined by the lifetime of the Li-ion batteries.

3.1. Li-ion Battery Power Trajectory for Multitype Frequency Response

The lifetime of a Li-ion battery is closely related to its operational mode, with a shorter
cycle life associated with deeper discharge depths. Therefore, by designing a power model
for Li-ion batteries tailored to multitype frequency response, the operational modes of
Li-ion batteries during primary and SFR processes can be described, laying the foundation
for constructing the lifetime model.

When a Li-ion battery participates in PFR using virtual droop control, its active power
increment can be expressed as follows:

APLB — *KPFR(fPS 7fDZ) (1)

where AP'B denotes the active power increment of the Li-ion battery participating in
PFR. fPS and fPZ respectively denote the real-time frequency of the power system and
the deadband frequency of PFR. KPR denotes the droop coefficient, where a larger value
indicates that, under the same frequency deviation, the Li-ion battery output is larger.
Based on Equation (1), the HESS continuously measures the frequency value of the power
system. When the measured frequency exceeds the deadband value, the Li-ion battery
changes its output to reduce the system frequency deviation. In this scenario, based on the
historical frequency data of the power system, the power trajectory of the Li-ion battery for
PFR can be characterized within that power system environment, thereby obtaining the
state of lifetime degradation for the Li-ion battery.

Unlike PFR, the HESS participates in SFR by tracking the frequency regulation com-
mands issued by the power dispatch authority. In this context, as illustrated in Figure 2,
the sum of the absolute values of upward and downward adjustments of output power
based on frequency regulation commands within a certain time interval is referred to as
the frequency regulation mileage. The frequency regulation mileage is a key indicator
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for compensating SFR services. A larger frequency regulation mileage indicates a greater
contribution of frequency regulation resources to the power system’s SFR. With the matura-
tion of the frequency regulation ancillary service market, the average frequency regulation
mileage is often disclosed as public data to all market users. Hence, the power trajec-
tory of the HESS participating in SFR can be characterized based on historical data on
frequency regulation mileage. Considering that the frequency regulation mileage reflects
a comprehensive profile of power changes over a specific period, it needs to be mapped
to corresponding power trajectories. Assuming that the power adjustments are uniformly
distributed within the frequency regulation capacity range, the Monte Carlo simulation
can be used to generate corresponding power trajectory changes. Simultaneously, the sum
of the absolute values of changes in power trajectories must be equal to the frequency
regulation mileage for that time period.
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Figure 2. The diagram of SFR in the frequency regulation ancillary service market.

It is worth noting that, in order to enhance the lifetime of the Li-ion battery, the
supercapacitor is prioritized for charging or discharging when it has regulation capabilities,
as depicted in Figure 3. From point PO to point P1, the supercapacitor has capacity and space
for upward regulation, so it discharges at maximum power. At this point, the power of the
Li-ion battery is the frequency regulation command power minus the supercapacitor power.
It is worth noting that the supercapacitor first increases the power after receiving the signals
of the frequency regulation command power. Once the frequency regulation command
power is larger than the rated power of the supercapacitor, the Li-ion battery also increases
the power to meet the demand of the command power. From point P1 to point P2, due to
insufficient stored energy, the supercapacitor cannot continue to discharge, so the power
is reduced to zero, and the Li-ion battery increases power to compensate for the decrease
in supercapacitor power. From point P2 to point P3, the supercapacitor has capacity and
space for downward regulation, so it charges at maximum power, while the power of the
Li-ion battery is zero. When the supercapacitor no longer has a charging capacity, the Li-ion
battery enters the charging state and provides downward regulation power.

A . SC Power
Battery Power
SFR Power

Power

| |
PO Pl P2\ P3 .
/ Time

Figure 3. Collaborative control strategy for Li-ion battery and supercapacitor in SFR.




Energies 2023, 16, 6621

7 of 21

3.2. HESS Lifetime Model Based on Rain-Flow Counting Method

The rain-flow counting method, also known as the “tower top method,” is widely
used in engineering, especially in fatigue life calculations [30]. Therefore, by utilizing the
rain-flow counting method to calculate the depth of discharge for the battery, and then
establishing the corresponding relationship between battery discharge depth and cycle
life, the equivalent cycle life of the battery can be determined. It should be noted that a
complete cycle consists of a discharge half-cycle and a charge half-cycle, as illustrated in
Figure 4. In Figure 4, there are two complete cycles (B-C-B” and E-F-E’) and two half-cycles
(A-B-B’-D and D-E-E’-F).
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Figure 4. The diagram of rain-flow counting method.

The cycle life of a Li-ion battery is influenced by various factors, such as temperature,
peak current, and the number of charge-discharge cycles. For simplification, only the
effects of the number of charge—discharge cycles and discharge depth on the battery cycle
life are considered.

The discharge depth of the /-th cycle period of the Li-ion battery is defined as D}.
Therefore, the equivalent cycle life is given by

gL NYH(D) @)
" NCL(DP)

where N,}ECL denotes the equivalent cycle life of the Li-ion battery for the h-th cycle period.
N¢L(1) and N“L(DP) respectively denote the cycle life of the Li-ion battery with discharge
depths of 1 and D?.

In this case, the equivalent cycle life NET of the Li-ion battery over an operational
period is given by
HL
NECL — Z NI}ECL (3)
h=1

where H' denotes the total number of cycle periods. When NECL = N¢L(1), the Li-ion
battery’s lifetime is considered to be exhausted, and the battery pack needs replacement.
The year corresponding to the H'-th cycle period is the operational year of the HESS.

4. Economic Assessment Model for HESSs Considering Frequency Regulation
Market Mechanism

In many countries, such as China, compensation and payment for frequency response-
related ancillary services such as inertia response, PFR, and SFR have been stipulated. At
present, a market-oriented mechanism for SFR services has been preliminarily established
in China, with pilot programs for frequency regulation ancillary service markets being
conducted in regions such as Shanxi, Fujian, and Chongqing. This aims to optimize and
improve the allocation of resources for SFR. As for inertia response and PFR, a planned
compensation approach is still predominantly employed in China. Under this approach,
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resources providing the respective services are compensated based on their service ef-
fectiveness. In this context, for HESSs capable of offering multitype frequency response
services, their overall lifecycle economic viability should fully consider the market-driven
revenue and nonmarket compensation resulting from different frequency regulation re-
sponse services [31].

Firstly, based on the typical market mechanism for SER services, a frequency regulation
market-clearing model is constructed to simulate the operational status of HESSs in typical
SFR scenarios. Subsequently, building upon the foundation of SFR services, the potential
reuse of functionalities in inertia response and PFR by HESSs is considered. This results in
the development of a profit model tailored for multitype frequency response services with
HESSs. Lastly, the overall lifecycle costs associated with providing multitype frequency
response services with HESSs are taken into account. The designed lifecycle economic
assessment model integrates the HESS’s lifetime model to achieve a comprehensive cost—
benefit analysis of the HESS.

4.1. Frequency Regulation Ancillary Service Market-Clearing Model Considering HESSs
4.1.1. Objective Function

In the rules governing frequency regulation ancillary services, the power dispatch
agency aims to minimize the frequency regulation cost when clearing frequency regula-
tion resources. It seeks to procure frequency regulation resources with good regulation
performance and low pricing, thereby minimizing the overall frequency regulation cost
of the entire power system while meeting the market’s frequency regulation demand.
Consequently, the frequency regulation ancillary service market-clearing model adopts
the minimization of frequency regulation costs as its objective function, which can be
expressed as

T I
minE™ = Y ¥ 63, Pl (Coarei i + M) 4)
t=1i=1

where EfR denotes the frequency regulation cost of the power system. J;; is a binary
variable, denoting the operating state of frequency regulation resource i in time period ¢.
Pl-rft denotes the actual performance metric of frequency regulation resource 7 in time period
t. C;; denotes the awarded capacity of frequency regulation resource 7 in SFR in time period
t. 17; denotes the capacity efficiency of the frequency regulation resource i. M;; denotes
the frequency regulation mileage of the frequency regulation resource 7 in time period t.
7& and M denote the capacity price and mileage price of the time period ¢, respectively,
both of which are unified market-clearing prices. T denotes the number of dispatching
periods, and I denotes the number of frequency regulation resources.

From Equation (4), it can be observed that the frequency regulation cost of the power
system refers to the frequency compensation obtained by the frequency regulation resources
providing the services. This cost is primarily influenced by the performance metrics,
awarded capacity, and frequency regulation mileage of the frequency regulation resources.

The performance metrics of frequency regulation resources quantitatively measure the
differences in key frequency regulation performance aspects such as regulation accuracy,
response time, and adjustment speed among different resources. On one hand, this allows
the power system to procure high-quality frequency regulation resources at a relatively low
price. On the other hand, it enables well-performing resources to be utilized more fully and
benefit more, thus optimizing the allocation of frequency regulation resources. Therefore,
the performance metrics of frequency regulation resources can be expressed as follows:

R _ yAApAA RT RT RS RS
Py = ACCKGS AT K +ATKS (5)
where KﬁA, KlRtT , and KZRtS denote the regulation accuracy score, response time score, and

adjustment speed score of frequency regulation resource i in time period t, respectively.
AAAART ‘and ARS are the corresponding weight coefficients. Among these, the regulation
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accuracy score K44 is used to assess the disparity between the actual frequency regulation
power and the frequency regulation signal, which can be expressed as follows:

}

1 Jit max{ ’Oi,t,j — Ri,t,j
]i,t j=1 R;

(6)

Kt =1-

where R;;; denotes the j-th frequency regulation signal received by frequency regulation
resource i in time period , and O; ; ; signifies the power of the response of the frequency
regulation resource to that signal. J;; denotes the total number of frequency regulation
signals received by the frequency regulation resource i in time period t. R; stands for the
average absolute value of frequency regulation signals received by the frequency regulation
resource in that time period. When K{}A is equal to 1, it indicates that the response power
of the frequency regulation resource i is consistent with the frequency regulation signal.
When KﬁA is equal to 0, it signifies that the frequency regulation resource i is unresponsive
to the frequency regulation signal.

Response time refers to the time taken by the frequency regulation resource to reliably
cross the adjustment deadband in the same direction as the adjustment after the power
dispatch agency issues a frequency regulation signal. Response time is typically measured
by the time the frequency regulation resource spends within the adjustment deadband,
which can be expressed as

Jit 70 .
1 t,
Ky = 1-=22), Jip>1 @)

-7, 1
= it

where Tgt, j and Tz‘l,t, j respectively denote the deadband time of the adjustment process of
frequency regulation resource i after receiving the j-th frequency regulation signal in time
period t and the total duration from the reception to the completion of the j-th frequency
regulation signal. The shorter the duration within the adjustment deadband, the better the
response time performance, and the response time score KZRtT will be closer to 1.
Adjustment speed refers to the rate at which the frequency regulation resource re-
sponds to the frequency regulation signal. It is measured by the ratio of the actual ad-
justment speed of each frequency regulation resource to the market-standard adjustment

speed, which can be expressed as

1 / Ojti phve
K= |- =) /max—. 8
it (]j‘; vB / icl ©B ®
I
0B =Y oofve )
i
TS Ji
t; '21 vk
oo = ——— (10)
L
P 1t
S E
o — Pi,t,j_Pi,t,j) (11)
e Tistj* TiEtj

where v;; ; denotes the actual adjustment speed of frequency regulation resource i in time
period ¢ when responding to the j-th frequency regulation signal. P?, i and PE j Tespectively
denote the actual power of the frequency regulation resource i at the onset and conclusion

of the frequency regulation signal action, while T?, jand TE ; denote the start and end times
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of the response to the frequency regulation signal. v/¢ denotes the average adjustment
speed of frequency regulation resource i within a certain period, and T® is the total number
of time periods in the statistical cycle. o; denotes the proportion of the installed capacity of
frequency regulation resource i in the market.

Based on Equations (5)—(11), the frequency regulation resource performance metric PR
in time period t can be obtained based on the actual response performance of the frequenc’y
regulation resource i, serving as the basis for frequency regulation service settlement. On
the other hand, by analyzing historical data on the frequency regulation resource over a
certain period, the historical comprehensive frequency regulation resource performance
metric PRH, which is used for ranking resource quotations in the day-ahead market, can be
obtained. In this case, P} in Equation (4) is replaced by the estimated value PR during the
clearing process. Simﬂai‘ly, the M; ; in Equation (4), which is an unknown variable during
the clearing process, can be estimated using the historical frequency regulation mileage
MH of the frequency regulation resource.

In the clearing process of frequency regulation resources, both capacity bidding and
mileage bidding need to take into account the past performance of resources in frequency
regulation processes. Based on this, the original bids are adjusted, and the sum of the
adjusted capacity bid and mileage bid is used as the basis for ranking resource dispatch
and can be expressed as

= M e (12)
M = M/ pRH (13)
i€ = n& /PR (14)

where 7} denotes the comprehensive price of frequency regulation resource i. 774M and
7IZAC denote the adjusted mileage bid and capacity bid, respectively. 7™ and 7rl.C denote the
original mileage bid and capacity bid, respectively.

In summary, the objective function can be rewritten as

T I
minE™ = Y3 76, PN (Ciemtiy; + M) (15)
=17

where J;; and C;; are the decision variables of the frequency regulation ancillary service
market-clearing model.

4.1.2. Constraint Conditions

The constraint conditions primarily include system frequency regulation capacity
requirement and mileage requirement constraints, unit capacity, power and ramp rate
constraints, SOC constraints of energy storage, and resource frequency regulation state

constraints, namely
I

Zfi,tci,t >CR (16)
;
Ciy < Cpy (17)
PEMIn < €y 4 PG < pEmax (18)
M+ i <1 (19)

9%\/ﬁn < GiS/?c < 9%\/[axli c IESS (20)
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Cit+ P —P5_1 +Ciyq < AP, (21)

Pﬁ — PI-,thl —Cit—Ciy1 > —AP, (22)

where CR denotes the frequency regulation capacity requirement of the power system in
time period t. f;; denotes the utility factor of the frequency regulation resource i in time
period t. CB denotes the available frequency regulation capacity declared by the frequency
regulation resource 7 in time period t. Pg denotes the power of the frequency regulation

resource i in time period ¢ in the electric energy market. Pl.Gmin and PZ.GmaX respectively
denote the lower and upper limits of the power of the frequency regulation resource i.
Both y}jt j and ],t}?t,]- are binary variables between 0 and 1, denoting whether the frequency
regulation resource i is in an upward regulation state or a downward regulation state when
responding to the j-th frequency regulation signal in time period t. Glsfc denotes the SOC
of the frequency regulation resource i in time period t. 6M" and 6MaX respectively denote
the upper and lower limits of the SOC of the frequency regulation resource i. I'>> denotes
the set of energy storage-type frequency regulation resources. AP; denotes the ramping
power of the frequency regulation resource i. It is worth mentioning that, compared with
traditional frequency regulation resources such as thermal power units, the HESS has a
faster adjustment speed, making it a type of fast frequency regulation resource. This work
introduces the utility factor to measure the value of fast frequency regulation resources,
which is the ratio of the required capacity of traditional frequency regulation resources
to the capacity of fast frequency regulation resources when meeting the same frequency
regulation requirements, and can be expressed as

= o @)
Lt PRH
PRHC;
BRH _ ie%U P i e [1U (24)
Y G’

iel™

where PR denotes the weighted average of performance metrics of all thermal power
units in the power system. I'Y denotes the set of thermal power units providing frequency
regulation services.

In the multitype frequency response mode, the HESS autonomously engages in inertia
response and PFR, thereby receiving economic compensation. By participating in the
frequency regulation ancillary service market, it provides SFR services upon winning bids,
thus gaining SFR benefits.

4.2. HESS Full Lifecycle Economic Assessment Model

In the full lifecycle economic assessment model of HESS proposed in this paper,
various benefits such as inertia response benefits, PFR benefits, and SFR benefits are
included, along with cost elements such as the initial investment cost, operational cost, and
electricity loss cost of the HESS, which can be expressed as

YESS pIR PFR SFR _ ~OM __ ~EL

B R+ R,/ + Ry Cy Cy _chi (25)
Y

& 1+7)

where RT denotes the total lifecycle revenue of the HESS. R]I/R, R]I;FR, and R;FR respectively
denote the inertia response benefits, PFR benefits, and SFR benefits of the HESS in the y-th
year. CyQM and C;L denote the operational cost and electricity loss cost of the HESS in the

y-th year. C™ denotes the initial investment cost of the HESS. r denotes the discount rate.
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4.2.1. Inertia Response Benefits

Currently, for inertia response services, compensation is typically based on their
availability. Therefore, the inertia response benefits can be expressed as

RIyR = pSC x T§ x IR (26)

where T; denotes the grid-connected operating time of the HESS in the y-th year. 71'R de-
notes the compensation price for inertia response services.

4.2.2. PFR Benefits

Under the current PFR rules, compensation is only provided for the portion of PFR
actions that are qualified and where the actual action integral quantity exceeds 70% of the
theoretical action integral quantity. Therefore, the PFR benefits can be expressed as

P.‘/
RPFR — Zl )AQ&,, —AQL, % 70%]| x "R 27)
p=

where AQﬁp and AQFyf,p respectively denote the actual action integral quantity and theo-
retical action integral quantity of the HESS for the p-th PFR in the y-th year. P, denotes
the number of PFR actions in the y-th year. 7P¥R denotes the compensation price for PFR
services.

4.2.3. SEFR Benefits

As described in Section 4.1 regarding the clearing model, the SFR benefits of the HESS
consist of capacity benefits and mileage benefits, which can be expressed as

Ty
RGFR = 3" 5, PR(Cimtfyp + Myt (28)
t=1

where TE denotes the total number of dispatching time periods in the y-th year. The
awarded capacity and frequency regulation mileage are determined by the clearing and
dispatching results for the corresponding time periods.

4.2 .4. Initial Investment Cost

The initial investment cost consists of two parts, i.e., Li-ion battery energy storage
components and supercapacitor components, which can be expressed as

CIni — QLBT[LB _|_ QSCR'SC + n.PCS(PLB + PSC) (29)

where P'B and QP respectively denote the installed power and capacity of the Li-ion
battery energy storage components. PS¢ and Q5 respectively denote the installed power
and capacity of the supercapacitor components. 778, 715, and 775 respectively denote
the prices of Li-ion batteries, supercapacitors, and power converters.

4.2.5. Operational Cost

Operational cost refers to the expenses incurred by the owner for operating, main-
taining, and managing the HESS each year. It can be considered to be proportional to the
capacity of the HESS, which can be expressed as

CyOM _ QLB 7_[LOM + QSC nSOM (30)

LOM SOM

where 7 and 7 respectively denote the operational prices corresponding to the
installed capacity of the Li-ion battery and the supercapacitor. It is worth noting that fixed
costs such as human resources in the operational cost are factored into 7"°M and 75°M.
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4.2.6. Electricity Loss Cost

The multifrequency response services provided by the HESS essentially involve charg-
ing and discharging processes, which result in electricity losses. Thus, there is a need to
pay for the consumed electricity, which can be expressed as

Cyt = E;°® x n* (31)

E]y_JOSS — E]y_,BC _ EIJBD + E;CC _ E;CD (32)

where Ely“OSS denotes the electricity loss of the HESS in the y-th year. 7 denotes the
electricity price. EL‘BC and E]y“BD respectively denote the charging and discharging electricity

of the Li-ion battery in the y-th year. E;CC and E;CD respectively denote the charging and
discharging electricity of the supercapacitor in the y-th year.

The full lifecycle economic assessment process of the HESS for multitype frequency
response is illustrated in Figure 5. In this paper, the frequency regulation ancillary service
market-clearing model is modeled using the Yalmip optimization solver tool on the MAT-
LAB platform and utilizes the large-scale mathematical programming optimizer Gurobi for

solving [32].

Determine market parameters and compensation standards
based on the rules of the region where the HESS is located

v

Input the installation parameters of the HESS to be
evaluated

Based on historical data, set the quantity and type of
frequency reguliation resources, and add HESS to the power
frequency modulation auxiliary service market

Run the clearing model in (5), combined with historical
mileage data, to obtain the revenue and charging and
discharging electricity of the HESS for SFR

Doc
Dasc

edo a e reve
and discharging electricity of the HESS for

v

According to the charging and discharging data, compute the
life of HESS

v

Based on the economic evaluation model in (25), analyze the
economy of HESS

n hictbnwianl dodn Adatawenad
il nistoriCal Gata, aGcieii

End

Figure 5. The flowchart of the full lifecycle economic assessment process of the HESS.

5. Case Study

In order to systematically analyze the economics of a HESS providing multitype
frequency response services, this section involves conducting case studies from three
perspectives: frequency regulation ancillary service market clearing, cost-benefit analysis
of the HESS, and sensitivity analysis of key factors. The basic parameters of the HESS are
presented in Table 1. For the PFR benefits of the HESS, the Nordic Grid Swedish Power-
Grid Frequency Data [33] are utilized, with a dataset consisting of Nordic grid frequency
values for the year 2020 and a time resolution of 20 ms. Based on this typical power
system frequency variation, the power trajectory of the HESS for PFR is characterized, and
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subsequently, benefits and lifetime losses are calculated. The deadband frequency for PFR
is set at 0.033 Hz.

Table 1. The basic parameters of the HESS.

Component Attribute Value
Installed capacity 20 MW /20 MWh
Li-ion battery Cycle efficiency 85%
Lifecycles 6000
Installed capacity 5MW/0.0834 MWh
Supercapacitor Cycle efficiency 90%
Lifecycles 1,000,000

For the benefits of the HESS participating in SFR, historical data from the PJM market
in the United States are employed for validation. The case data include the frequency
regulation capacity requirements, clearing prices for frequency regulation resources, and
average frequency regulation mileage for each time period. In the PJM market, frequency
regulation resources are cleared every hour, and there are two types of capacity require-
ments in different time periods, namely 525 MW and 800 MW, as detailed in Figure 6.
Additionally, AAA ART and ARS are set at 0.4, 0.4, and 0.2, respectively.

1000 P=r-r-r-rm-r-T-TTT T T T T T T T TTTTT

600 [

400 -

Required Capacity(MW)

200 b

[ W W NN SN TR TR TN TN THNN TNNNY NN NN NN NN SN SN NN S S W 1

1 23456 7 8 91011121314151617 18 192021 22 23 24
Frequency Regulation Period (Hour)

Figure 6. The demand for SFR capacity in the PJM market.

Furthermore, in order to simulate the competitive state of the HESS in the frequency
regulation ancillary service market, an additional nine frequency regulation resource
entities are introduced to participate in the market. Together with the HESS, they undergo
simulated clearing for various time periods. The frequency regulation capacities and
performance metrics of these frequency regulation resources are presented in Table 2.

Table 2. Basic parameters of the frequency regulation resources in the frequency regulation ancillary
service market.

Resource Type Ta SFR Capacity Regulation Response Time Adjustment Performance
yp 8 (MW) Accuracy Score Score Speed Score Metrics
TU 1 120 0.25 0.29 0.10 0.236
Thermal power unit TU2 150 0.21 0.39 0.10 0.260
P TU3 100 0.19 0.36 0.15 0.250

TU 4 160 0.15 0.26 0.10 0.184
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Table 2. Cont.

Resource Type Ta SFR Capacity Regulation Response Time Adjustment Performance
M & (MW) Accuracy Score Score Speed Score Metrics

Hvdropower unit HU1 100 0.61 0.82 0.18 0.608
yerop HU 2 90 0.67 0.79 0.23 0.630
Pumped storage PS 40 0.78 0.55 0.55 0.642
Enerev storage svstem ESS1 35 1.00 1.00 0.84 0.968
BY STOTage sy ESS 2 30 1.00 1.00 0.88 0.976
HESS HESS 20 1.00 1.00 0.97 0.994

5.1. Frequency Regulation Ancillary Service Market-Clearing Results

To comprehensively reflect the impact of each frequency regulation resource’s physical
performance on the clearing results, this study assumes that all resources have the same
initial bids. The initial mileage bid is set at 2 CNY/MW, and the initial capacity bid is
set at 0.33 CNY/MW. To prevent poor-performing thermal power units from excessively
inflating the clearing mileage prices, a cap of 5 CNY /MW is placed on mileage prices. Based
on these parameters, the adjusted frequency regulation resource bids after performance
metric correction are presented in Table 3. From Table 3, it can be observed that due to
the lower performance metrics of thermal power units, the adjusted capacity and mileage
prices are the highest among the various types of frequency regulation resources. In
particular, the mileage price even exceeds the upper limit and is constrained to 5 CNY/MW.
On the other hand, when different types of resources have equal bids and well-matched
performance metrics, their comprehensive prices are lower. For example, the HESS has
the highest performance metric of 0.994, resulting in the lowest comprehensive price of
2.3441 CNY/MW, making it a priority for clearing (provided SOC constraints are satisfied).

Table 3. The adjusted frequency regulation resource bids after performance metric correction.

Resource Adjusted Capacity Adjusted Mileage Comprehensive

Price (CNY/MW) Price (CNY/MW) Price (CNY/MW)
TU 1 1.398 5 6.398
TU 2 1.269 5 6.269
TU3 1.320 5 6.320
TU 4 1.793 5 6.793
HU1 0.543 3.2895 3.8325
HU2 0.524 3.1746 3.6986
PS 0.514 3.1153 3.6293
ESS1 0.341 2.0661 2.4071
ESS2 0.338 2.0492 2.3872
HESS 0.332 2.0121 2.3441

Next, the utility factors for each frequency regulation resource are calculated, con-
verting actual physical capacity into utility capacity, which serves as the basis for capacity
clearing. The converted utility capacities are presented in Table 4. As shown in Table 4,
high-quality frequency regulation resources, including hydropower units, pumped storage
systems, and ESSs, all have utility factors significantly exceeding 1. This indicates that they
can provide effects far superior to those of thermal power units during actual frequency reg-
ulation processes. The utility factor of the HESS is 4.327, suggesting that the actual 20 MW
capacity of the HESS can meet a frequency regulation capacity demand of 86.534 MW.

Finally, based on the frequency regulation ancillary service market-clearing model as
shown in Equation (15), combined with the demand and utility capacities for each time
period, the clearing results are illustrated in Figure 7. From the figure, it can be observed
that the frequency regulation resources in the market are cleared in the order of HESS, ESS
2,ESS51, PS, HU 2, and HU 1. When the demand capacity is 525 MW, HU 2 is the marginal
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unit. When the demand capacity is 800 MW, HU 1 becomes the marginal unit. It is worth
noting that ESS 2 not only participates in the frequency regulation ancillary service market
but also engages in the electricity energy market. During the three time periods from 17:00
to 19:00, the stored energy of ESS 2 fails to satisfy the SOC constraint, resulting in a lower
comprehensive price during these periods, but it cannot be cleared.

Table 4. Converted utility capacities of the regulation resources.

Resource Utility Factors SFR Capacity (MW) Utility Capacity
(MW)

TU1 1.027 120 123.272
TU2 1.132 150 169.760
TU 3 1.088 100 108.821
TU 4 0.801 160 128.147
HU 1 2.647 100 264.652
HU 2 2.742 90 246.805

PS 2.795 40 111.781
ESS1 4.214 35 147.474
ESS 2 4.248 30 127.451
HESS 4.327 20 86.534

400 L] L L] L] L L] L L L] L) L L] L) L L] L) L L] L L L] L L L]
I HESS HE PSS
Ml ESS2 [ HS2

[ ESS1 [ HS1
300 "

20

Clearing Capacity(MW)
(=}

100

1 234567 89101112131415161718192021222324
Frequency Regulation Period (Hour)

Figure 7. The results of frequency regulation ancillary service market-clearing model.

Importantly, due to the superior frequency regulation performance of the HESS, it can
still clear the market even if it offers higher capacity and mileage bids. When the demand
capacity is 525 MW and HU 2 is the marginal clearing unit, as long as the HESS's capacity
bid is below 0.52 CNY /MW and its mileage bid is below 3.15 CNY /MW, it will still clear the
market. This raises the clearing price in the market, allowing the clearing unit to gain higher
revenue (though increasing the overall frequency regulation cost for the market as a whole).
In summary, high-quality frequency regulation resources like the HESS have an advantage
in market clearing and can further enhance revenue by adjusting bidding strategies. The
frequency regulation ancillary service market should also use market parameters such as
utility factors more sensibly to obtain better frequency regulation resources while reducing
the overall frequency regulation cost.

5.2. Economic Analysis of HESS

Based on statistical data from actual energy storage projects in China [34], the prices
of the HESS, maintenance costs, and electricity prices were obtained, as shown in Table 5.
Based on Equations (29)—(32), the cost of the HESS can be determined.
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Table 5. Cost parameters of the HESS.

Attribute Value
Li-ion battery price 1.1 million CNY/MWh
Supercapacitor price 70 million CNY/MWh
Converter price 0.75 million CNY/MW
Discount rate 5%
Electricity price 400 CNY/MWh
Maintenance costs 0.5 million CNY/a

In terms of benefits, firstly, the compensation price for inertia response services is set
at 5 CNY/MWh. Assuming the HESS operates throughout the year and supercapacitors
consistently provide inertia response services, the inertia response benefits are calculated
for a year of service. Then, using the Nordic Grid Swedish Power-Grid Frequency Data,
KPFR s set at 500 MW /Hz. Typical grid frequency curves and the HESS’s PFR power
curves are shown in Figure 8. From the figure, it is evident that the HESS outputs the
corresponding power when grid frequency regulation extends beyond the deadband. With
the compensation price for PFR services set at 75,000 CNY/MWh, the PFR benefits of the
HESS are calculated.

0.2 T T T T 10
= Grid Frequency

015k = = Dead-zone Frequency 13
—— Power of HESS

0.1

0.05

Grid Frequency(Hz)
Power of HESS(MW)

Time(Min)

Figure 8. Typical grid frequency curves and the HESS’s PFR power curve.

Finally, as mentioned in Section 5.2, the capacity bid and mileage bid for the HESS
are set at 0.33 CNY/MW and 2 CNY /MW, respectively. Based on the clearing results, the
awarded capacity for the HESS can be determined. Based on the empirical data from the
PJM market, the frequency regulation mileage for three typical days is shown in Figure 9.
The figure illustrates that in most time periods, the frequency regulation mileage exceeds
20, with an average of 32, implying that each MW of the frequency regulation resources
can provide 32 MW of frequency regulation mileage in each time period. By utilizing the
2022 full-year frequency regulation mileage data from the PJM market, the SFR benefits of
the HESS are calculated.

Based on the power trajectory of the Li-ion battery providing PFR and SFR services,
the HESS's lifetime is determined. As the PFR service involves fewer cycles with shorter
durations, and is subjected to rain-flow counting, only 3 charge—discharge cycles are
conducted per year. Consequently, SFR predominantly contributes to lifetime losses. A
typical SFR power trajectory is shown in Figure 10. During SFR, supercapacitors initially
output power during the HESS’s positive—negative transition, thereby reducing the wear
on Li-ion batteries. Finally, by combining the PJM market frequency regulation mileage
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data with the power trajectory of SFR service, the lifetime of the HESS is calculated to be
8.4 years.
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Figure 9. The frequency regulation mileage of the PJM market for three typical days.
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Figure 10. A typical SFR power trajectory.

In conclusion, the full lifecycle economic benefit of the HESS amounts to CNY
36.55 million.

5.3. Analysis of Key Factors Affecting the Economic Viability of the HESS

Assuming the absence of supercapacitors, certain effects would be observed. On
one hand, the ESS would no longer provide inertia response services, and on the other
hand, the PFR power would decrease. Furthermore, in the absence of supercapacitors, the
Li-ion battery would bear the entire burden of SFR, thus exacerbating the level of lifetime
degradation. According to calculations, under the same SER service provision, the lifetime
of a standalone Li-ion battery energy storage system would be 7.5 years. Ultimately, the
full lifecycle economic benefit under the condition of no supercapacitors amounts to CNY
34.07 million.
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As observed in Section 5.2, due to its superior physical characteristics, the HESS can
still clear the market even with higher bids. Assuming a capacity bid of 0.52 CNY/MW
and a mileage bid of 3.15 CNY /MW, the full lifecycle economic benefit of the HESS would
be CNY 82.06 million.

6. Conclusions

This paper proposes an economic analysis method considering the benefits of mul-
titype frequency response for a Li-ion battery—supercapacitor HESS. Subsequently, the
effectiveness of the proposed method is validated using actual power system frequency
data and PJM market data, leading to the following conclusions:

(1) Due to the HESS's strong performance in terms of regulation accuracy, response
time, and regulation speed, it exhibits robust competitiveness in the frequency reg-
ulation ancillary service market when priced competitively with other frequency
regulation resources. This positions the HESS to actively participate in frequency
response services.

(2) By providing multitype frequency response services including inertia response, PFR,
and SFR, the HESS can diversify its revenue streams and achieve higher returns.
The inclusion of supercapacitors not only enhances the HESS’s performance but also
effectively mitigates the lifetime degradation of Li-ion batteries, thereby improving
overall economic viability.

In future research, the proposed economic analysis method can be extended to explore
capacity configuration strategies for HESSs.
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