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Abstract: To reduce the electricity grid’s valley—peak difference, thereby resulting in a smoother
electricity load, this study employs a compressed CO, energy storage system to facilitate load shifting.
Load shifting by the CCES system not only enhances the energy flexibility of the electricity load
but also creates energy arbitrage from variations in the electricity prices. An optimization model
is developed to optimize the operation of the CCES system to minimize the standard deviation of
the electricity load. Thereby, load shifting by the CCES system can be achieved. Based on the real
electricity loads and prices, results indicate that, with an energy storage capacity of 267 MWh, the
CCES system can provide 3845 MWh, 4052 MWh, and 3816 MWh of upward flexible energy and
3846 MWh, 3180 MWh, and 3735 MWh of downward flexible energy during a week in summer,
winter, and the transition season, respectively. With a lifespan of 35 years, the CCES system can attain
a net present value (NPV) of MUSD 239.9 and a payback time of 2 years. The sensitivity analysis
shows that increasing the energy storage capacity of the CCES system augments both the upward
and downward flexible energy of the electricity load but reduces the NPV of the CCES system.

Keywords: compressed CO; energy storage system; load shifting; mixed integer non-liner program-
ming; flexibility

1. Introduction

The intermittency and the fluctuating nature of renewable energy result in grid insta-
bility when the penetration of renewable energy, typically wind and solar power, keeps
increasing in the electricity system [1]. With the advancements in smart sensing and me-
tering, energy generation technologies, and demand side management, energy storage
technologies can help the grid to improve stability by optimizing supply and demand [2-4].
Recently, numerous forms of energy storage systems have been developed, including
the following: pumped hydro energy storage (PHES) [5], compressed air energy storage
(CAES) [6], compressed CO, energy storage (CCES) [7,8], and battery energy storage [9].

Among these energy storage systems, the PHES, the CAES, and the CCES systems
can be installed on a large-scale installation [2]. The following benefits make the CCES an
innovative and promising energy storage solution. First, the CCES system has excellent
characteristics, such as environmental friendliness, high efficiency, economic viability, and
no special geographical conditions [10]. Second, CO; is easier to condense to liquid since it
has a higher dew point [11]. As a result, the pump can be utilized to compress CO, into
greater pressure rather than a compressor, saving some electricity energy throughout the
charging process [12]. Third, the CCES system can offer the potential for extensive CO,
usage, which is conducive to reducing CO, emissions [11].

Recently, a growing number of studies have scrutinized the performance of the CCES
system, underscoring its potential as a promising energy storage solution both in terms of
steady state and in dynamic performance. In terms of the steady performance, Liu et al. [13]
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conducted a thermodynamic and parametric analysis of the CCES system. They stated
that the round trip efficiency (RTE) and the energy density of the CCES system in trans-
critical and supercritical states are, respectively, 63.4% and 497.7 kWh/m? and 62.3% and
255.2 kWh/m?. Hao et al. [14] used the heat pump to recover the compression heat during
the charging process to heat CO, during the discharging process. They proved that the
round trip efficiency, the energy storage efficiency, and the heat storage efficiency increase
with the increase in the energy storage pressure. Meanwhile, Xu et al. [15] compared the
performance of the liquid CAES and CCES systems. They found that the liquid CAES
system has higher round trip efficiency and energy efficiency, but the liquid CCES system
has higher energy generated per unit volume. Wang et al. [16] optimized compressor
outlet pressure, working fluid pump outlet pressure, turbine outlet pressure, evaporating
pressure, turbine inlet temperature, and cold end temperature difference to maximize the
RTE of the liquified CCES system using a genetic algorithm (GA). The result demonstrated
that the RTE of the liquified CCES system can reach 56.6%.

In terms of the dynamic performance, Huang et al. [17] evaluated the dynamic op-
erating characteristics of the CCES system in two operation modes, which were the basic
operation mode and constant electric capacity mode. They found that the round trip effi-
ciency of the CCES system varies from 16.7% to 56.7%. Zhang et al. [18] also evaluated the
dynamic performance of the CCES system under sliding pressure operation. They found
that the round trip efficiency of the CCES system under design conditions can reach 64.3%.
Furthermore, Chaychizadeh et al. [19] conducted a dynamic simulation to evaluate the
performance of the CCES system integrated with a wind farm. They stated that the system
can properly work under 55.7-58.2% of the round trip efficiency.

Load shifting is a feasible method to achieve demand side management (DSM),
which is beneficial in reducing the electricity grid’s valley—peak difference, resulting
in a smoother load and a solution for the investment of electricity transition and distribu-
tion lines under peak load [20]. By implementing the energy storage system in the demand
side, load shifting can be achieved.

Numerous studies have recently focused on the load shifting by the energy storage
systems, such as battery energy storage and thermal energy storage. Excellent load power
fluctuation control is made possible by the battery’s rapid charging and discharging ca-
pabilities. Han et al. [21] selected the type of battery and the optimized capacity of the
batteries using the cooperative game model to maximize the performance of load shifting.
David Parra et al. [22] also optimized the size of the battery to maximize the equivalent full
cycles, the RTE, and the performance of load shifting.

The electricity load rises continuously in the summer due to the substantial increase
in air conditioning usage for cooling, hence load shifting has been accomplished using
thermal energy storage [23]. Ding et al. [24] used the particle swarm optimization algorithm
to identify the thermal capacity and evaluated the performance of building thermal energy
for load shifting. The result shows that, with an increase in the effective thermal capacity,
the hourly load and the energy losses caused by load shifting strategies decrease. Load
shifting can be achieved with battery and thermal energy storage, but their large-scale
commercialization is constrained by their cost, life span, specific application scenarios, and
application scale.

The literature review emphasizes the flexibility of load shifting by the energy storage
system and highlights the necessity of optimizing the operation of the energy storage
system for load shifting. The mechanical energy storage system includes the CCES system,
which has the benefit of a long lifespan and greater installation capacity. Furthermore,
the CCES system can be located in the transmission to provide service according to the
grid needs [25]. In our previous study [26], we introduced a parameter, notably the
state of charge (SOC), for optimizing the operation of the CCES system to create energy
arbitrage. The results demonstrated that it is viable for the CCES system to participate in
the electricity market. Consequently, the CCES system is perfectly suited to load shifting
and can potentially achieve a better techno-economic outlook. However, the CCES system
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belongs to the mechanical energy storage system, which is different from the battery energy
and the thermal energy storage systems, making the findings on other energy storage
system operation optimizations inapplicable to the CCES system.

Therefore, this paper aimed to evaluate the techno-economic flexibility of the CCES
system for load shifting. An optimization model was developed to optimize the operation
strategy of the CCES system based on its dynamic characteristics. By implementing the
operation strategy, this study explored the potential energy flexibility that the CCES system
could offer for electricity load management as well as evaluated its net present value
(NPV) and payback period. Additionally, sensitivity analysis was conducted to assess how
the CCES system’s energy storage capacity influences both the energy flexibility of the
electricity load and the system’s revenue.

The main contributions of this paper include: (1) a new application of the compressed
CO; energy storage system; and (2) the techno-economic assessment of load shifting by
the compressed CO; energy storage system based on dynamic modeling. The findings
will contribute to a deeper comprehension of the compressed CO; energy storage system’s
practical applicability.

2. Problem Formulation
2.1. Optimization Objective

The grid operator aims for a more stabilized electricity load to mitigate frequent
startups and shutdowns of conventional generators as well as to minimize spinning reserve
capacity. Consequently, when the CCES system is employed to achieve load shifting,
the objective function of the operation strategy optimization is to minimize the standard
deviation of the electricity load [27], which is formulated as follows:

YDt + ot WE - — of - WE
t t. t _ ot t _ Comp d ""Expa
Z<D + v WComp Yq WExpa N
)

N

minimize op =

where op is the standard deviation of the electricity load; D' is the initial electricity load; v’
and v/, are the unit state indicators for charging and discharging modes, respectively; W(,,, p

t
and WEXW

the sample number; and superscript t denotes the scheduling time.

are the electric capacities of the compressor and the expander, respectively; N is

2.2. Constraints
The optimization problem necessitates the inclusion of the following constraints:
(1) Operation mode

The constraints regarding the operation mode are expressed as Formulas (2)-(4), which
specifies that the CCES system only performs one operation mode from charging mode,
discharging mode, and idle mode at a time.

ol +0h <1 (2
ol € {0,1} 3)
ol € {0,1} 4)

(2) The SOC of the CCES system

The constraints regarding the SOC are expressed as Formulas (5) and (6), which
denotes that the SOC at time ¢ is between its minimum and its maximum value, and the
SOC at time t 4 1 depends on the SOC at time t and the operation status of the CCES
system, respectively.

Socmin < soct < SOCinax (5)
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where SOC,,;,, is the minimum SOC of the CCES system; SOC,;4y is the maximum SOC of
the CCES system; m;\;@mp is the mass flow rate of the compressor at time ¢; thEW is the
mass flow rate of the expander at time ¢; and t;; is the duration of compression or expansion
at the mass flow rate.

Based on our previous definition [26], the SOC for the CCES system is calculated as
the ratio of the amount of stored working gas to the total amount of stored working gas, as
shown in Formula (7).

M(t)

total

SOC(t) = @)

where M(t) is stored mass of CO; at time £; and M, is total stored mass of CO; of the
CCES system.
(3) Electric capacity of the compressor

The constraints regarding the electric capacity of the compressor are expressed as
Formula (8) and Formula (9).

WComp,min < W(tjomp < WComp,max (8)
ottt -t ¢
‘ ﬁcf?mn st < Socnvya(:;mp —50C 9)
total

where Weopp,min and Weomp,max are the minimum and the maximum values of the electric

capacity of the compressor W(. s and SOCHV;],JC,‘;"'P is the maximum SOC of the CCES system

at a given compressor’s electric capacity Weo,p, which is determined as Formula (10).

W, mWC : C,WC
SOC,eomp — —Comp 7 Comp. (10)

where t.w,,,, is the duration of the charging process when the CCES charges at Wy -

(4) Electric capacity of the expander

The constraints regarding the electric capacity of the expander are expressed as For-
mulas (11) and (12).

WExpa,min < W]tgxpg < WExpa,max (11)
ot ) 1%
e B SOC! — SOC,,,"" (12)
total -

where Wy pg,min and WExpa,max are the minimum and the maximum values of the electric

Zyi”’ * is the minimum SOC of the CCES system at

a given expander’s electric capacity Wgyy,, which is determined as Formula (13).

capacity of the expander Wéxp . and SOC

Miotal = MWy, * td, Wiy
Mtotal

SOCEw — (13)

where t; ;. is the duration of the discharging process when the CCES system discharges
at WExpa-

2.3. Solving Method

The optimization problem is a mixed inter linear programming (MILP) problem, which
is solved using Gurobi in this study.
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3. Case Study

The definition of a case study is provided in this section in order to evaluate the
techno-economic performance of the CCES system for load shifting.

3.1. The Electricity Price and Load Data

Three weeks randomly selected from summer, winter, and the transition season,
respectively, are utilized to assess the techno-economic performance of the CCES system
for load shifting. Figures 1-3 present the electricity price and load data for these weeks
from the California electricity market [28], with standard deviations of the electricity load
at 76.3, 66.2, and 71.6.
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Figure 1. The electricity price and load during a week in summer [28]. (a) The electricity price during
a week in summer. (b) The electricity load during a week in summer.

3.2. The Compressed Carbon Dioxide Energy Storage System

The schematic of the CCES system used in the study is shown in Figure 4, which
consists of the low-pressure gas tank (LPT), the high-pressure gas tank (HPT), the compres-
sor (Comp), the expander (Expa), the throttling valve (TV), the intercooler (IC), and the
heater (HT).

Table 1 presents an overview of the CCES system’s key parameters. The charging
capacity ranges from 57 MW to 110 MW, while the discharging capacity spans from 30 MW
to 120 MW. The CCES system’s energy storage capacity is 267 MWh.
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Figure 2. The electricity price and load during a week in winter [28]. (a) The electricity price during a
week in winter. (b) The electricity load during a week in winter.
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Figure 3. The electricity price and load during a week in transition season [28]. (a) The electricity
price during a week in transition season. (b) The electricity load during a week in transition season.
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Figure 4. The schematic of the compressed CO, energy storage system [17].
Table 1. The main parameters of the CCES system [17].
Parameters Value
Rated isentropic efficiency of compressor (%) 89
Rated isentropic efficiency of expander (%) 88
The volume of high-pressure gas tank (m?) 7600
The volume of low-pressure gas tank (m?) 36,000.00
The initial pressure of low-pressure gas tank (MPa) 1.0
The initial pressure of high-pressure gas tank (MPa) 2.3
Maximum pressure ratio of the compressor 7.8-14.0
Pressure ratio of the expander 4.5-10.1
Life cycle (years) 35
36.6

Investment cost (MUSD)

The CCES dynamic model was developed and validated in our previous study [17].
Based on the validated dynamic CCES model, Figures 5 and 6 illustrate the maximum SOC
of the CCES system at different compressors’ electric capacities and the minimum SOC of
the CCES system at different expander’s electric capacities, respectively.

100 - . SOC=-0.006W7,, -0.031W,, +119.300 (57<W,, <110) ~ * MaximumSOC
e Fitted curve
T 801 T,
S) e,
3 60 T,
40 T T T T T T T T T T T
55 60 65 70 75 80 85 90 95 100 105 110

Electric capacity of the compressor (MW)

Figure 5. The maximum SOC of the CCES system at different compressor’s electric capacities.
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Figure 6. The minimum SOC of the CCES system at different expanders’ electric capacities.

3.3. Key Performance Indicator

The key performance indicators (KPIs) used to evaluate the performance of the CCES
system for load shifting include two parts: energy flexibility indicators and economic indicators.

3.3.1. Energy Flexibility Indicators

The energy flexibility is categorized into two types of scenarios: upward flexibility
and downward flexibility.

The upward flexibility is the capability of the user to consume more energy when the
grid confronts more power supply than its demand [29]. The maximum upward flexible
capacity and the upward flexible energy are used to describe the upward flexibility, as
shown in Formulas (14) and (15).

Wrmaxup = max(Djg — Dy, ¢) (14)

tu‘y
Efup = /o (Djy — Dyep)dt (15)

where Weyay,up is the maximum upward flexible capacity; D; 4 1s the electricity load after
load shifting; D: of is the initial electricity load; E f is the upward flexible energy; tup is the
duration of the CCES system providing upward flexibility; and superscript t denotes the
scheduling time.

The downward flexibility is the capability of the user to consume less energy when
the grid experiences lower power supply than its demand [29]. The maximum downward
flexible capacity and the downward flexible energy are used to describe the downward
flexibility, as shown in Formulas (16) and (17).

meux,down = max(Dﬁgf - Dltd) (16)

tdowm
Ef dowon = /O (DL — Dly)dt (17)

where Weyay, down 1 the maximum downward flexible capacity; Ef g4, is the downward
flexible energy; and ¢4, is the duration of the CCES system providing downward flexibility.

3.3.2. Economic Indicators

Net present value (NPV) and payback time are used as KPIs to evaluate the economy
of the CCES system for load shifting. The NPV can be used to present the net profit of the
system over life span, which is calculated as follows:

NPV =Y. 7‘3(1{ . j)(?f (18)

where CI denotes cash inflows, which are from the income of selling electricity and coal
reduction for load shifting, as shown in Formula (19); CO is cash outflows, which are from
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the outcome of buying electricity, as shown in Formula (20); ¢ is the life span of the CCES
system; and d denotes discount rate.

Cl= ZEExpa ’ pt +K- E%xpa (19)
CO = ZEéomp ’ pt (20)
where EfExpa and EtCmp are the energy capacities of the compressor and the expander,

respectively; p' is the electricity piece; and K is the specific coal consumption, as shown in
Formula (21) [30].

K=ko+ klexpu + szl%xpa (21)

where ko, k1, and k; are the coefficients.
The payback time refers to the minimum time required to compensate for the original
investment cost, which is calculated as follows [31]:

Nts
Y (CI; —COy) =0 (22)
t=0

where Nj; is the payback time.

4. Results and Discussion

In this section, the energy flexibility of the electricity load and the economic perfor-
mance of the CCES system for load shifting are analyzed.

4.1. Electricity Load Enerqy Flexibility Analysis

Utilizing the optimization result, Figure 7 displays the initial electricity load and the
electricity load after load shifting in summer, winter, and the transition season.

It can be observed that the CCES system charges during periods of low electricity
loads and discharges during periods of high electricity loads. Therefore, the electricity load
in peak periods is shifted to off-peak periods, resulting in a smoother electricity load. After
load shifting, the standard deviation of the electricity load decreases from 76.3, 66.2, and
71.6 to 33.9, 46.1, and 34.0, which are decreased by 55.6%, 30.4%, and 52.5%, in summer,
winter, and the transition season, respectively. However, due to the restriction of the SOC
of the CCES system, the CCES system is unable to maintain charging at a constant electric
capacity during periods of low electricity loads. It is also unable to continue discharging a
stable electric capacity during high electricity loads. This causes the new volatility of the
electricity load at periods of low and high electricity loads, respectively, compared to the
initial electricity load. Simultaneously, it was observed that the deployment of the CCES
system for load shifting induces abrupt changes in the electricity load. This issue could be
effectively addressed by integrating a new energy storage system characterized by higher
power density, such as battery and supercapacitor energy storage systems.

Table 2 summaries the energy flexibility of the electricity load after load shifting by
the CCES system.

Table 2. The energy flexibility of the electricity load in three seasons.

Flexibility Indicators Summer Winter Transition Season
Wmax,up (MW) 93 90 99
E¢up (MWh) 3845 4052 3816
W tmax,down (MW) 120 108 120

Ef down (MWh) 3846 3180 3735
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Figure 7. The initial electricity load and the electricity load after load shifting by the CCES system.
(a) The initial electricity load and the electricity load after load shifting in summer. (b) The initial
electricity load and the electricity load after load shifting in winter. (c) The initial electricity load and
the electricity load after load shifting in the transition season.

As indicated in Table 2, the maximum upward flexible capacity of the electricity load
after load shifting stands at 99 MW, which is below the compressor’s maximum electric
capacity of 110 MW. This arises from the longer charging duration and the higher SOC
associated with the compressor’s lower electric capacity, allowing the CCES system to
discharge at a higher electric capacity. Consequently, the CCES system does not operate at
the maximum electric capacity to ensure a smoother electricity load. It is noteworthy that
the maximum downward flexible capacity of the electricity load matches the maximum
electric capacity of the expander, i.e., 120 MW. Furthermore, upon successful load shifting,
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120

Maximum upward
flexible capacity (MW)

a maximum upward flexible energy of 3845 MWh and a maximum downward flexible
energy of 3846 MWh are provided by the electricity load.

The energy storage capacity of the CCES system has a significant influence on the
energy flexibility of the electricity load. The sensitivity analysis is conducted to examine
the influence of the energy storage capacity of the CCES system on the energy flexibility of
the electricity load. Figure 8 shows the upward and downward flexibility of the electricity
load when the energy storage capacity of the CCES system varies in the range from —20%
to 20%.

Maximum downward
flexible capacity (MW)
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Figure 8. Effects of the energy storage capacity of the CCES system on the energy flexibility of the
electricity load. (a) Effects of the energy storage capacity of the CCES system on the maximum
upward and downward flexible capacities of the electricity load. (b) Effects of the energy storage
capacity of the CCES system on the upward and downward flexible energies of the electricity load.

As depicted in Figure 8a, there is an increase in the maximum upward flexible capacity
as the energy storage capacity increases. This phenomenon is attributed to the elongation
of the discharging time, necessitating a greater amount of compressed CO; when the
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250

energy storage capacity increases. Consequently, the CCES system operates at a higher
electricity capacity to ensure the desired amount of CO; is achieved. With an increase
in the energy storage capacity of the CCES system, the maximum electric capacity of
the expander remains constant, resulting in a consistent maximum downward flexibility
capacity. Additionally, the rises in both charging capacity and discharging time lead to an
elevation in both upward and downward flexible energies as the energy storage capacity of
the CCES system increases.

4.2. Economic Performance Analysis

When employing the energy storage system for load shifting purposes, the CCES
system can generate income through energy arbitrage and coal reduction. The incomes
of the CCES system during a week in summer, winter, and the transition season are
summarized in Table 3.

Table 3. The incomes of the CCES system during a week in three seasons.

Season Income (MUSD)
Summer 0.63
Winter 0.29
Transition 0.37

It can be observed that the CCES system generates the lowest income of MUSD 0.29
in the winter. This is due to the smoother electricity price and load in winter, as shown in
Figure 2. Based on the income of the CCES system in each season, the annual income of
the CCES system can be determined, which is MUSD 21.2. Assuming an annual income
equivalent to that of 2022 and a discount rate of 7%, the NPV of the CCES system is shown
in Figure 9.

200
150
100

50 H

NPV (MUSD)

-50

Year

Figure 9. The NPV of the CCES system at a discount rate of 7%.

According to Figure 9, the NPV of the CCES system becomes positive from the second
year, which implies the payback time of the CCES system is less than 3 years. The NPV
accumulates a total of MUSD 239.9 over the entire project lifespan, which is 35 years. Based
on the findings, it can be concluded that the utilization of the CCES system to achieve load
shifting is economically viable.

The energy storage capacity of the CCES system has a significant influence on the
income of the CCES system. The sensitivity analysis is conducted to examine the influence
of the energy storage capacity of the CCES system on the income of the CCES system.
Figure 10 shows the income and the NPV of the CCES system when the energy storage
capacity of the CCES system varies in the range from —20% to 20%.
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Figure 10. Effects of the energy storage capacity of the CCES system on the income and the NPV of
the CCES system.

From Figure 10, an observable trend emerges wherein the income and the NPV of
the CCES system initially rise and subsequently decline as the energy storage capacity of
the CCES system increases. When maintaining an unchanged energy storage capacity of
267 MWh, the CCES system achieves its peak income and NPV values, reaching MUSD
21.2 and MUSD 239.9, respectively. When the energy storage capacity varies within the
range of —20% to 0%, the extended discharging time results in an increase of 1.8 GW
in the electricity energy from the expander, surpassing the increase of 1.7 GW from the
compressor’s electricity energy. Meanwhile, the investment cost of the CCES system only
increases MUSD 1.0. Consequently, the income and the NPV of the CCES system follow
upward trajectories with increasing energy storage capacity. Nevertheless, when the energy
storage capacity varies from 0% to 20%, in pursuit of maintaining a smoother electricity
load, the growth in discharging time becomes slow. Consequently, the augmented electricity
energy of the expander is 1.2 GW, falling below the 1.4 GW increase from the compressor’s
electricity energy. This leads to an elevation in electricity purchasing expenses and a
subsequent decline in the CCES system’s income as the energy storage capacity of the CCES
system increases.

As discussed earlier, the CCES system demonstrates favorable techno-economic per-
formance for load shifting. Nonetheless, the direct utilization of the CCES system for load
shifting introduces certain drawbacks, such as new volatility and abrupt fluctuations in the
electricity load. To address this challenge, a hybrid energy storage system that specifically
integrates the CCES system with a battery energy storage system can be employed. In this
hybrid configuration, the CCES system manages lower frequency, higher amplitude varia-
tions in electricity load, while the battery energy storage system handles higher frequency,
lower amplitude variations. Future research should focus on developing control strategies
and electricity capacity dispatch mechanisms for the hybrid energy storage system.

5. Conclusions

This paper proposes the use of the compressed CO; energy storage (CCES) system to
achieve load shifting, which provides energy flexibility of the electricity load and creates
energy arbitrage from variations in the electricity prices. By optimizing the operation of
the CCES system for load shifting and conducting an associated sensitivity analysis, the
following conclusions have been drawn.

With an energy storage capacity of 267 MWh, the CCES system during a week in
summer, winter, and the transition season provides 3845 MWh, 4052 MWh, and 3816 MWh
of upward flexible energy and 3846 MWh, 3180 MWh, and 3735 MWh of downward
flexible energy, respectively. The sensitivity analysis indicates that a 20% increase in energy
storage capacity results in 14.0%, 8.3%, and 14.0% increases in upward flexible energy and
10.3%, 9.0%, and 13.5% increases in downward flexible energy in summer, winter, and the
transition season, respectively.
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With an energy storage capacity of 267 MWh, the CCES system can attain a net present
value (NPV) of MUSD 239.9 over a lifespan of 35 years and a payback time of 2 years. The
sensitivity analysis shows that, when maintaining an unchanged energy storage capacity,
the CCES system achieves its peak income and NPV.
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