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ABSTRACT 
With the features of large-scale and long-term 

energy storage, compressed CO2 energy storage (CCES) 
represents an efficient way to achieve load shifting and 
reduce fluctuations of electricity load. Therefore, the 
economic performance of a CCES system for load shifting 
was assessed in this paper. The two optimization modes, 
i.e., single-objective and multi-objective optimization, 
were proposed to determine the CCES operation. The 
reduction of load variance is the sole objective of single-
objective optimization. In the case of multi-objective 
optimization, the objective is to maximize CCES system 
income while minimizing load variation. According to the 
simulation findings, the load variance can be decreased 
from its original value of 8725.4 to 678.5 in the single-
optimization outcome, and the CCES system can 
generate an income of 49.6 kUSD. The Pareto optimality 
in the multi-objective optimization demonstrates a 
negative correlation between the variation of the load 
and the income of the CCES system.  
 
Keywords: Compressed carbon dioxide energy storage; 
load shifting; multi-objective optimization; mixed inter 
linear programming  
 

NONMENCLATURE 

Abbreviations  

CCES 
Compressed carbon dioxide energy 
storage system 

LPT Low-pressure gas tank 
HPT High-pressure gas tank 

Symbols  

t Scheduling time 

 

1. INTRODUCTION 
The intermittent and erratic nature of renewable 

energy will result in grid instability when there is a 
substantial penetration of renewable energy in the 
electricity system [1]. The output of renewable energy 
sources can be smoothed using an energy storage device 
to improve the stability of the electricity grid [2, 3]. The 
compressed CO2 energy storage (CCES) is a novel and 
promising energy storage technology because of the 
advantages listed below. On the one hand, CO2 is easier 
to condense to liquid since it has a higher dew point [4]. 
As a result, the pump can be utilized to compress CO2 
into greater pressure rather than a compressor, saving 
some electricity energy throughout the charging process 
[5]. On the other hand, the CCES system can offer the 
potential for extensive CO2 usage, which is conducive to 
reducing CO2 emissions.  

The energy storage system can be used to reduce the 
valley-peak difference of the load in the electricity grid, 
which will smooth out the load and provide a solution for 
the investment in electricity transition and distribution 
lines during peak demand [6]. Both grid operators and 
users profit from the load shifting. The advantages for 
grid operators include raising facility utilization rates, 
delaying facility upgrades, and saving money on renewal 
costs. The electricity price difference between peak and 
valley can be used by users to conduct energy arbitrage 
[7]. 

The use of energy storage technologies, such as 
battery energy storage, to shift load has lately been the 
subject of several research. The battery's quick charging 
and discharging characteristics provide excellent load 
fluctuation management. Han et al. [8] selected the type 
of battery and optimized capacity of the batteries using 
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the cooperative game model to maximize the 
performance of the load-shifting. David Parra et al. [9] 
also optimize the size of the battery to maximize the 
equivale full cycles and the RTE as well as performing 
load shifting. The load shifting can be achieved with 
battery, but its large-scale commercialization is 
constrained by their life span, the specific application 
scenarios, and the application scale. 

This study implements load shifting using the CCES 
system, which is inspired by the concept of load shifting 
with energy storage. The mechanical energy storage 
category includes the CCES system, which has the benefit 
of a long lifespan and greater installation capacity. 
Meanwhile, the CCES system can be located in the 
transmission to provide the service according to the grid 
needs [10]. As a result, the CCES system is perfectly 
suited to the load shifting and can potentially achieve a 
better techno-economic outlook.  

Therefore, this paper aims to evaluate the 
performance of the CCES system for load shifting. For this 
purpose, this paper developed single-objective and 
multi-objective optimization to decide the operation 
strategy of the CCES system. Deeper understanding of 
the CCES system's applicability will be provided by the 
results.  

2. PROBLEM FORMULATION 

2.1 Single -objective optimization 

In order to avoid repeatedly starting and stopping 
conventional generators and to decrease the spinning 
reserve's capacity, grid operators anticipate that the load 
will be as flat as feasible. The load's variance can be used 
to indicate the load's volatility. Therefore, the objective 
function of the single-objective optimization is shown in 
Eq. (1) [7]. 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝜎𝐷
2 =

∑ (𝐷𝑡 − 𝐷̅)2𝑁
𝑡=1

𝑁
(1) 

Subjected to: 
𝑣𝑐

𝑡 + 𝑣𝑑
𝑡 ≤ 1 (2) 

𝑣𝑐
𝑡 ∈ {0,1} (3) 

𝑣𝑑
𝑡 ∈ {0,1} (4) 

𝑊𝐸𝑥𝑝𝑎,𝑚𝑖𝑛 ≤ 𝑊𝐸𝑥𝑝𝑎
𝑡 ≤ 𝑊𝐸𝑥𝑝𝑎,𝑚𝑎𝑥 (5) 

𝑊𝐶𝑜𝑚𝑝,𝑚𝑖𝑛 ≤ 𝑊𝐶𝑜𝑚𝑝
𝑡 ≤ 𝑊𝐶𝑜𝑚𝑝,𝑚𝑎𝑥 (6) 

where the 𝐷𝑡 is the load; the 𝐷̅ is the average value of 

the load; the 𝑣𝑐
𝑡  and 𝑣𝑑

𝑡  are the unit state indicators 
for charging ang discharging modes respectively; the 
𝑊𝐸𝑥𝑝𝑎,𝑚𝑖𝑛  and 𝑊𝐸𝑥𝑝𝑎,𝑚𝑎𝑥  are the minimum and 

maximum electric capacity of the expander; the 
𝑊𝐶𝑜𝑚𝑝,𝑚𝑖𝑛  and 𝑊𝐶𝑜𝑚𝑝,𝑚𝑎𝑥  are the minimum and 

maximum electric capacity of the compressor; the 

superscript 𝑡  denotes the scheduling time; 𝑁  is 
sample number, and the Eq. (1) denotes that the CCES 
system can only perform one operation mode from 
charging, discharging, and idle modes. 

2.2 Multi-objective optimization 

The grid operators anticipate a load that is as flat as 
feasible, while the users are interested in increasing their 
profit. In order to serve the needs of both the grid 
operator and the users, a multi-objective optimization 
should be used. Eq. (7) illustrates the multi-objective 
function. 

𝐹 = (max 𝑝𝑟𝑜𝑓𝑖𝑡 , min 𝜎𝐷
2) (7) 

where the profit presents the income of the CCES 
system, which is shown in Eq. (8). 

𝑝𝑟𝑜𝑓𝑖𝑡 = ∑(𝑣𝑑
𝑡 𝑊𝐸𝑥𝑝𝑎

𝑡 𝑝𝑡 − 𝑣𝑐
𝑡𝑊𝐶𝑜𝑚𝑝

𝑡 𝑝𝑡)

𝑁

𝑖=1

(8) 

The restrictions for single-objective optimization and 
multi-objective optimization are identical. 

2.3 Solving method 

The optimization problem is a Mixed Inter Linear 
Programming (MILP) problem, which can be solved by 
conventional solvers efficiently. This paper uses the 
optimizer of Gurobi to solve he MILP problem. 

2.4 Key performance indicator 

The key performance indicators (KPIs) used to assess 
the performance of the CCES system for load-shifting 
include variance and income. 

The degree to which a stochastic variable deviate 
from its mean value is reflected in its variance, and the 
variance of load data thus represents the demand curve's 
flatness. The variance is calculated as Eq. (9). 

𝜎𝐷
2 =

∑(𝐷(𝑡) − 𝐷̅)2

𝑁
(9) 

The income of the CCES system includes two parts: 
the energy arbitrage from electricity price difference 
between peak and valley, and the coal consumption 
reduction in thermal power plants due to load shifting. 
The energy arbitrage is reordered as direct income, 
which is shown as Eq. (10). 

𝐼𝑛𝑐𝑑𝑖𝑟 = ∑(𝑊𝐸𝑥𝑝𝑎
𝑡 𝑝𝑡 − 𝑊𝐶𝑜𝑚𝑝

𝑡 𝑝𝑡)

𝑁

𝑡=1

(10) 

The coal consumption reduction is recorded as 
indirect income, which is shown as Eq. (11) and (12). 

𝐾 = 𝑘0 + 𝑘1𝑊𝐸𝑥𝑝𝑎 + 𝑘2𝑊𝐸𝑥𝑝𝑎
2 (11) 

𝐶𝐶𝑅 = 𝐾𝑊𝐸𝑥𝑝𝑎𝑡𝑑 (12) 

where 𝐾 is specific coal consumption; and 𝑘0, 𝑘1 and 

𝑘2 are coefficient, and their value are 335, -0.1081, and 

0.0049 respectively [11]. 
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3. CASE STUDY 

A particular whole-day demand curve [12], as 
illustrated in Fig. 1, is taken into consideration as the load 
shifting case study in order to assess the CCES system's 
performance for load shifting. The variance of the load is 
8725.4. 

 
Fig. 1 The electricity load for the case study [12] 

The electricity price can be considered the most 
effective element to encourage the participant to load 
shift [13]. The electricity price used in the paper is shown 
in Fig. 2. 

 
Fig. 2 The electricity price for case study [14] 

The schematic of the CCES system used in the study 
is shown in Fig. 3, which consists of the low-pressure gas 
tank (LPT), compressor (Comp), expander (Expa), high-
pressure gas tank (HPT), intercooler (IC), and heater (HT). 

 
Fig. 3 The schematic of the CCES system 

Table 1 provides a summary of the CCES system's 
comprehensive data. Based on our previous dynamic 
simulation [15], The range of charging capacity is from 57 
MW to 110 MW. The range of discharging capacity is 
from 30 MW to 120 MW. The energy storage capacity of 
the CCES system is 147 MWh. 

 
 
 
 
 

Table 1 the main parameters of the CCES system 

Parameters Value 

Rated isentropic efficiency of 
compressor (%) 

89 

Rated isentropic efficiency of 
expander (%) 

88 

The volume of high-pressure gas 
tank (m3) 

7600 

The volume of low-pressure gas 
tank (m3) 

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 

4. RESULTS AND DISCUSSION 

4.1  Result of single optimization result 

Fig. 4 (a) shows the electric capacity of the CCES 
system (negative value represents the charging capacity, 
and positive value presents the discharging capacity), 
and Fig. 4 (b) shows the original and hybrid electricity 
demand. 

 
Fig. 4 (a) The electric capacity of the CCES system 

 
Fig. 4 (b) The original and hybrid electricity load 

Fig. 4 The electric capacity of the CCES system and electricity 
load 

In order to reduce the load curve's volatility, the 
CCES system performs two cycles of charging and 
discharging, as illustrated in Fig. 4(a). The CCES system 
charges at its lowest electric capacity during the valley 
period, which is 110 MW, and discharges at its highest 
capacity, 120 MW, during the peak period. The load's 
variance falls to 678.5 after it is shifted using the CCES 
system, which is lower by 92.2% than the variance of the 
original load. The CCES system, meanwhile, can generate 
an income of 49.6 kUSD. 

4.2 Result of multi-objective optimization 
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Fig. 5 shows the Pareto optimality in multi-objective 
optimization. 

 
Fig. 5 The Pareto optimality in multi-objective optimization 

According to Fig. 5, there is a negative correlation 
between the income of the CCES system and the load's 
flatness. The variation of the load grows as the CCES's 
income rises. It demonstrates load shifting's 
performance has gotten worse. The load has the worst 
flatness and its variance reaches 8176.1, which is only 
6.3% less than the original variance, when the CCES 
system's income reaches its maximum value of 165.5 
kUSD. The load is at its flattest when the CCES system's 
income falls to its minimum value of 54.9 kUSD, and its 
variance drops to 708.9, which is lower than the initial 
variance by 91.9%. 

5. CONCLUSIONS 
For the first time, this paper investigated the techno-

economy performance of a compressed CO2 energy 
storage system for load shifting. Two optimization 
modes were proposed to determine the operation of the 
CCES system, including single-objective and multi-
objective optimizations. The reduction of load variance is 
the sole objective of single-objective optimization. In the 
case of multi-objective optimization, the objective is to 
maximize CCES system income while minimizing load 
variation. The optimization problem was solved by Mixed 
Inter Non-Linear Programming (MINLP). The parameters, 
namely variance, was used to evaluate the volatility of 
the load. Main findings include the follows. 

In the single-objective optimization, the CCES system 
charges at valley period and discharges at peak periods. 
The variance of the load is 678.5, which is lower 92.2% 
than original load’s variance of 8725.4. The CCES system 
can make income of 678.5 kCNY. 

The flatness of the load and the CCES system's 
income have a negative association in multi-objective 
optimization. The flatness of the load becomes worse 
and its variance is 8176.1 when the income of the CCES 
system reaches its maximum value of 165.5 kUSD. The 
flatness of the load becomes optimal and its variance is 
708.9 when the CCES system's income falls below its 
minimal value of 54.9 kUSD. 
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