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Abstract

Compressed carbon dioxide is a promising energy storage technology. However, renewable energy
variability can lead to insufficiency during charging and discharging. The present work systematically
investigates the effect of charging/discharging insufficiency on compressed carbon dioxide energy
storage systems from the viewpoint of transient thermodynamic cycles. The insufficiency extent is
defined based on the pressure at the high-pressure tank when disturbances occur. Then the effects of
insufficiency extent are investigated in three typical scenarios. In the results, the effects of
charging/discharging insufficiency on the efficiency, storage density and power output of the energy
storage system during long-term operation are demonstrated. The efficiency of the system during the
whole working period is 57.78%, lower than the design efficiency of 59.66%. In particular, the energy
storage density is reduced dramatically to 197.60 kJ-m, which is 78.2% of the storage density of
252.68 kJ-m at design conditions. Besides, the average output power of the turbine is reduced to
95.70% of the design value. The present work provides an improved understanding of the charging and

discharging for compressed carbon dioxide energy storage, especially when renewables are integrated.

Keywords: Charging and discharging; renewable energy variability; compressed carbon dioxide energy

storage; dynamic operation analysis
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Greek letters
Y2,
n

exergy, kW
specific enthalpy, kJ-kg™*
mass flow rate, kg-s*

number

pressure, MPa

pressure for disturbance, MPa

heat rate, kJ-s!

heat capacity, kJ

specific entropy, kJ-kg*-K*
time, s

temperature, C

specific internal energy, kJ-kg*
storage volume, m3

power, kW

total power, kWh

average power, kW

density, kg-m3

efficiency

Subscripts
a ambient
D design condition
Des exergy destruction
the maximum value of the
D, max . -
design condition
. the minimum value of the
D, min . -
design condition
E energy storage
ex exergy
F fuel exergy
i each component
ini initial
P product exergy
rt round-trip
S isentropic process

Abbreviations

C compressor

HPT high-pressure storage tank
LPT low-pressure storage tank
T turbine

TES thermal energy storage




1. Introduction

Compressed carbon dioxide energy storage (CCES) technology is drawing more and more
attention because of its advantages in the favourable thermo-physical properties of carbon dioxide
(COy), eco-friendliness, safety and ability to integrate renewable energy for the ultimate
decarbonization of power systems [1]. It can be used to store not only the excessive electricity in
normal electricity grids but also the electricity generated from renewable energy like other compressed
fluid energy storage systems [2-6].

Energy storage systems are normally described as “Peak Shaving and Valley Filling”. However,
this does not mean that the output of the energy storage system can avoid any fluctuation. Unlike
fossil-power plants, renewables-based electricity generators bring significant uncertainty to the energy
storage system. When they are integrated into a compressed CO, energy storage system, it is necessary
to investigate their operations subject to the variability of renewable energy.

Renewable energy has been extensively integrated into CO,-based energy storage and generation
systems in engineering [7-12]. For example, solar energy has been integrated into the CO--based
energy generation or storage systems in the Sunshot Initiative project [7, 8], the Supercritical
Transformational Electric Power project (STEP) [9, 10] in the US, the SOLARSCO,0L project in the
EU [11], and a 10 MW Supercritical CO, power system in China [12].

As seen above, it is reasonable to believe that the variability of renewables (e.g., solar energy) has
been considered in some of the industrial projects above. Even some CCES projects (the Energy Dome
Project in Italy [13], a CCES system embedded with a flywheel energy storage feature in China [14])
based on traditional energy sources, may suffer from some variability in energy input, due to the
natural fluctuation of the excess electricity in normal electricity grids. Therefore, relevant issues should
be investigated in academia carefully, as shown below.

In academia, many different aspects of the compressed CO, energy storage system have been
investigated. The studies are mainly focused on the performance analysis under steady state. Wang et al.
[15] presented a novel energy storage system based on liquid carbon dioxide, which has high energy

density compared with advanced adiabatic compressed air energy storage (AA-CAES) and a round-trip



efficiency of 56.64% is achieved. Zhang et al. [16] found that the compressed CO; energy storage
system has higher performance than both liquid CO; system and advanced adiabatic compressed air
energy storage system. Liu et al. [17] presented that the supercritical CO, energy storage has a higher
energy density than that of CAES. Zhang et al. [18] proposed and analyzed a compressed CO- energy
storage system with hot water as the heat storage medium, which has high round-trip efficiency and
energy density. As the compressed CO- energy storage technology is still under development, some
existing CO, power generation and other relevant technologies can be used as references, such as
energy storage and power generation with CO, [19-21], S-CO; coal-fired Brayton cycle [22-26], S-CO-
Brayton cycle for solar energy [27], reviews for S-CO, power cycle [28, 29] and components level
investigation [30-33]. Especially, Yang et al. [19] proposed a feasibility analysis for the integration and
conversion of CO, power generation and energy storage, in which high efficiencies are achieved.
Overall, the performance evaluations can pave the way for application of CO-based thermodynamic
cycles but fail to reveal the effects of variability of energy input, which is essential not only as a
dynamic question but also an off-design problem.

To describe such a transient problem at off-design conditions, firstly, solar energy will be taken to
explain what the variability of renewables means for a CCES system. The solar energy intensity in
three successive days in November 2020 is given in Fig. 1 from the Duren Tiga weather station at PLN
Research Institute, Indonesia [34], and the charging/discharging curves are also schematically shown.
No idle periods between the charging and discharging are assumed. The solid lines in blue and in
yellow mean the charging and discharging curves of pressure in the high-pressure tank at design
conditions (the extent of charging is indicated by the normalized pressure, which will be detailed later).
They are sufficient for charging/discharging at design conditions. The dashed lines represent the actual
charging curves. The accumulated solar energy each day denotes the energy input available for its
energy storage system, where a noticeable variability can be observed. Sufficient charging/discharging
only occurs on the second day, and the insufficiency extent on the first day and the third day could be
about 75 and 50%, respectively. Here, the insufficiency extent of charging/discharging is evaluated by

the normalized pressure at the high-pressure tank.
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Fig. 1 The integration of the storage system and accessible renewable energy [34] with the schematic of
insufficient charging and discharging at off-design conditions.

Relevant advances in dynamic modelling and off-design analysis are summarized below. For
dynamic modelling, several investigations [35-37] can be found on the dynamical modelling of CCES
systems, which are helpful for the proposed question. The system model based on the first and second
laws of thermodynamics was established in [36], and experimental data were shown in [37]. And
several papers [38-40] on the dynamics of compressed air energy storage systems are informative as
well. On the off-design analysis, Wan et al. [41] investigated the effects of ambient temperature
variables in a year on the performance of a concentrated solar power (CSP) driven supercritical power
cycle. They proposed optimal operation parameters and control schemes under off-design conditions.
They found that lower ambient temperature can save the total power output accounting for 1.02% of
the yearly power output, while the higher temperature causes the total wasted power output accounting
for 0.66%. Thanganadar et al. [42] also focused on the off-design analysis of a supercritical cycle for
CSP application under variable ambient temperature, molten-salt temperature, and flow rate. The rest
of the off-design investigations [43,44] are mainly focused on other cycles and also limited to certain
specific parameters of components, including heat source mass flow rate, heat source temperature [43],
heat sink temperature and mass flow rate ratio [44]. However, the issue of insufficiency in
charging/discharging has not been analyzed carefully, which relates to the effect of the variability of
renewable energy on the CCES system.

Thus, the first purpose of the present work is to propose and formulate a specific question, as
shown in Sec. 2, where the question in Fig. 1 is further elaborated. In Sec. 3, the dynamic modelling of

charging/discharging is introduced, and the method is validated by comparing it with available



experimental and simulation data. In Sec. 4, the energy storage efficiency and density of energy storage
systems are evaluated for charging/discharging insufficiency. In Sec. 5, further impacts of the present

work on tech-economic analysis are discussed. A conclusion is finally given in Sec. 6.

2 Problem Statement and Analysis method

To quantify the insufficiency of charging/discharging, a design condition of a CCES system is
presented as a baseline, i.e., sufficient charging/discharging. Then a definition of insufficient

charging/discharging is presented. The analysis method is proposed to tackle the issue.

2.1 A sufficient charging/discharging: design condition

The schematic of a CCES system is shown in Fig. 2, including five key components: a
compressor (C), a turbine (T), a high-pressure tank (HPT) and a low-pressure tank (LPT), and a
thermal energy storage (TES) device. The process in blue denotes charging while that in yellow is for
discharging. The working principle for the CCES system is as below.

1) During charging, the input electricity drives the compressor to pressurize CO- in the LPT into
the HPT for higher pressure. The electricity is converted to the internal energy of CO, and stored in the
HPT.

2) When CO; passes through the TES device during the charging, the compression heat is stored
in the TES device.

3) During discharging, CO, absorbs the thermal energy in the TES device for higher
temperatures.

4) Then CO; expands in the turbine, which drives generators to produce electricity. The internal
energy of CO; is converted to electricity.

The specific system shown below is set as the baseline to evaluate the effects of renewable energy
variability. Its system parameters are set based on several cases available in [36], which defines the
so-called “design conditions”, as shown in Tab. 1. For simplicity, “a charging at design/off-design
conditions” is referred to as “a sufficient/insufficient charging” (and similar for “a discharging”). In a
sufficient charging, CO; in the LPT is charged into the HPT, with the pressure at the LPT reduced from

P'p, max t0 P'p, min and with that at the HPT increasing from Pp, min t0 Pp, max. In a sufficient discharging,
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COy in the HPT returns to the LPT, with that at the HPT decreasing from Pp, max t0 Pp, min, and with that
at the LPT improved from P'p, min t0 P'p max. In addition, the total power input of the compressor
(2352.93 kwh), the total power output of the turbine (1403.79 kwh), round-trip efficiency (59.66%)
and the energy storage density (252.68 kJ-m) at design conditions are for comparison with those of
the off-design cases shown later. Note that these specific parameters of the system under the design
condition would enable a quantitative analysis for the system. But general findings regarding system

performance with insufficient charging/discharging is more important.
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Fig. 2 The schematic of the compressed carbon dioxide energy storage system with parameters at the

beginning of charging and discharging processes for the design condition.

Tab. 1 Parameters of the system under the design condition.

Components  Items Symbols Values
HPT Volume (m?3) v 10,000
Initial temperature (°C) Tini 25
Pressure range (MPa) Pp, min- Pp, max 5.0-5.43
LPT Volume (m?3) V' 10,000
Initial temperature (°C) T'ini 25
Pressure range (MPa) P'p, max- P'p, min 1.8-1.25
Other CO2 mass flow (kg/s) Mco. 24
parameters Ambient temperature (°C) Ta 25
Ambient pressure (MPa) Pa 0.101
Period (s) to 3632
Total power of compressor (kwWh)  Wc 2352.93
Total power of turbine (kwWh) Wr 1403.79



Round-trip efficiency Mo 59.66%
It,

Energy storage density (kJ-m) Po 252.68

2.2 Definition of insufficient charging/discharging: off-design

conditions

Theoretically, charging can begin from any pressure and end at any higher pressure. Similarly,
discharging can start from a certain pressure and end at a lower pressure. The parameters of successive
charging and discharging can be understood as “a phase space of time, the pressure in charging, and the
pressure in discharging”, as indicated in Fig. 3(a). A clearly defined sufficient charging/discharging at
design conditions is a point in the phase space (noted by the star in green), while the rest of the space
can be referred to as “off-design conditions”. For example, two dashed curves are given for off-design
charging and discharging. It is observed that there can be a huge number of cases within off-design
conditions. It is necessary to propose a method to extract the characteristics of insufficient
charging/discharging to make a clear problem statement, otherwise, any further analysis of system

performance is unachievable.
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Fig. 3. (2) A schematic of the high complexity of off-design conditions: in the phase space of charging
and discharging, the design condition is a point while the off-design condition can be anywhere in the
rest of the space of the whole space except for the point. (b) The simplified question to investigate in
the present work: modelling the charging/discharging insufficiency with three disturbances in the input
or output of energy, indicated by pist, P2nd and para.

In the present work, the insufficient charging/discharging processes are set up based on two



assumptions in terms of the pressure at the HPT: 1) the process begins with an uncharged HPT (P = Pp,
min), While the final discharging ends with a sufficiently discharged HPT (P = Pp, min), and 2) the
charging is assumed to be followed by the discharging, and the discharging is assumed to be followed
by the charging. The extent of charging/discharging insufficiency is decided by the stoppings in
charging or discharging. Then, the pressures at the HPT when a disturbance occurs are used to define
the insufficiency extent.

Three successive stoppings are shown in Fig. 3(b) for a demonstration. The pressure increases
from Pp, min during a charging. The charging stops at pist before a full charging and turns to discharge
for a certain period until the pressure at the HPT reaches a certain pressure at pane. Then the HPT
continues to be charged and its pressure increases to a certain pressure psq and then turns to
discharging again until the pressure returns to Pp, min. Also, the period of such an actual insufficient

charging/discharging should differ from that of a designed condition as shown in Fig. 3(b).

2.3 Analysis method

As shown in Fig. 3(b), three disturbances are assumed above, and each of the disturbance extents
is represented by a corresponding pressure (pist, P2nd @nd psr). Different extents of these disturbances
can lead to complex situations of charging and discharging. Moreover, some limitations are applied to
the values of pist, P2nd @nd Parg, iNcluding pist > Pand @Nd P2nd < Para-

To perform quantitative evaluations of the disturbances above, the occupancy ratios in the
high-pressure tanks are chosen to define the insufficiency extent. The pressure in the HPT is marked as

px, Which is expressed as:

-P

px :P +X(P D,min) (1)

D, min D, max
where x denotes the extent of charging/discharging. With x = 0, px denotes an uncharged HPT while x =
1 denotes a sufficiently charged one. Thus, po= Pp, min, and p1 = Pp, max. FOr example, pos means that the
HPT is half charged, where the pressure at the HPT is in the average of “uncharged charged" and
“sufficiently charged”. In the analysis below, the values of pist, p2nd and parg are expressed by px, where
the values of x are chosen as 1, 0.75, 0.5, 0.25 and 0. For these chosen values, with a small x, px
denotes a far insufficient charge due to an expected stopping while it means a deviation from “fully

charged” for x approaching 1. Therefore, all the scenarios for insufficient charging and discharging can

9



be classified into four categories, which are charge begin, discharge end, charge midway and discharge

midway as shown in Fig. 4. These processes will be rearranged in Sec. 4 for further analysis.
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Fig. 4 Schematic of all the scenarios for insufficient charging and discharging with pressure changes in
the high-pressure tank (HPT).

3. Thermodynamic modelling and validation

3.1 Performance evaluation criteria

The performance of a compressed CO, energy storage system can be evaluated from the
viewpoints of energy and exergy. The former is interpreted by the round-trip efficiency and energy
storage density. The latter is evaluated by exergy destruction and exergy efficiency of components,
where exergy denotes the amount of work (= entropy-free energy) that a system can perform when it is
brought into thermodynamic equilibrium with its environment.

The round-trip efficiency is defined as the ratio of the total power output to the total power
consumption [36],

WT

e = W_ (2)

The energy storage density is defined as the total power output per unit volume of storage [36],

PZT 3)

where V is the sum of the volumes of the high-pressure and low-pressure storage tanks.

The exergy balance of the it component can be expressed as,
10



E,.. (1)=E. (t)-E,(t) (4)

where E__,, E. and E, represent the exergy destruction rate, the fuel exergy, and the product

Fi
exergy rate in the i, component, respectively.

The total exergy destruction of the i component is,

EDes,i = EF,i - EP,i (5)
process end .

EF'i - jprocess begin EF'i (t)dt (6)
process end .

Ep'i - jprocess begin Ep'i (t)dt (7)

where Eg ; and Ep ; are the total fuel exergy and product exergy of the i, component, respectively, and
process in the equation refers to the charging and discharging corresponding to the operation of the i
component.

The exergy efficiency of the i component is,

E, .

= (8)

nex,i = EFyi

3.2 Thermodynamic modelling of charging/discharging

The system has main components including the compressor, turbine, high-pressure tank,
low-pressure tank and thermal energy storage devices, as introduced in the following order. The
following assumptions are made in the present model. 1) The mechanical kinetic energy and potential
energy in the system are negligible. 2) Pressure drops, energy losses, heat and friction losses in pipes,
valves and each component are negligible. 3) Mass flow rates are equal and stable during the round-trip
process. 4) The power consumption of pumps in the system is neglected.

1) Compressor

The power consumption and total power consumption of the compressor are, respectively,
WC (t):mchar (t)(hz (t)_hl(t)) (9)

W, = [ i ()t (10)

thegin char

where m,_ is the mass flow rate during charging, and h; and h; are the real enthalpies of the inlet and

char

outlet of the compressor, respectively. t stands for the time, and the subscripts begin and end indicate

11



the start and end of the process, respectively. The subscript Char stands for charging.
The real enthalpy can be calculated by the definition of the isentropic efficiency of the

compressor,

)= (1)

2,

h, (t)-h, (t)

where hys is the enthalpy during isentropic compression, which can be calculated by the equation of
state,

hz,s (t) =f (Sz,s (t)' R, (t)) (12)

where P is the outlet pressure of the compressor. The subscript “s” represents an isentropic
compression process. The entropies of the inlet and outlet of the compressor are the same during the

isentropic compression,
Sas (t) =5 (t) (13)
The transient modelling requires the changing pressures at the compressor inlet and outlet. Thus,
the isentropic efficiency of the compressor changes over time. The efficiency is related to the

compression ratio, which is defined as the ratio of outlet to inlet pressure. An empirical formula in [36,

45] is adopted to describe how compression ratio affects the isentropic efficiency of the compressor,

7 (1) =1.0249 - 0.08534[%—0)] (14)

R (1)
where P1 and P; are the inlet and outlet pressures of the compressor, respectively.
2) Turbine

The power output and total power output of the turbine are, respectively,
WT (t) = mdischar (t)(hS (t) - he (t)) (15)

W, = [ i (1)t (16)

thegin dischar

where My, IS the mass flow rate during the discharging, hs and hs are the real enthalpies of the inlet
and outlet of the turbine, respectively, and thegin dischar aNd tend dgischar are the beginning and end time of the
discharging, respectively.

The real enthalpy can be calculated by the definition of the isentropic efficiency of the turbine,

12



(1)= h'f((tt))—_ hff(% n

where hg s is the enthalpy during isentropic expansion, which can be calculated by the equation of state,

hs,s (t) = f (Ss,s (t)' R (t)) (18)

where P is the outlet pressure of the turbine.

The entropies of the inlet and outlet of the turbine are the same during the isentropic expansion,
S (1) =55 (t) (19)
For the transient modelling, the turbine isentropic efficiency is not constant owing to the changes
of the inlet and outlet pressures. The efficiency is related to the expansion ratio, which is defined as the

ratio of inlet to outlet pressures. Therefore, an empirical formula is chosen to characterize the

relationship between the expansion ratio and the turbine isentropic efficiency [36, 46],

7 (t)= 0.0269[ i (t)J +0.7501 (20)

R(t)
where Ps and Pg are the inlet and outlet pressures of the turbine, respectively.
3) High-pressure and low-pressure tanks
The high-pressure and low-pressure CO; storage tanks (HPT and LPT) operate in both charging
and discharging, in which the dynamic calculation model is established based on the energy

conservation equation [36],

% = My, (1) (1) (1)
d (mdischardutdischar et _ e (), (1) (22)
Webesdon iy, 1 1) @)
d (mdischardutdischaf )or = Meieenar (1) D (1) (24)

where m is the mass of CO in the tank, and u is the specific internal energy of COa.

4) Thermal energy storage device

The thermal energy storage (TES) device absorbs the heat of compression during the charging
time and releases the heat to CO- fluid during the discharging time. The calculation of the heat
exchange process for the working fluid is simplified as thermal equilibrium calculation with heat loss.

The dynamic calculation model is,
13



Qchar = e qchar (t)dt (25)

Ibegm char

t

O @)
Qerar = Quischar + Qioss (27)

G (1) = M (£) (1 ()= (1)) (28)
Giscar (1) = M (t)(hs (t)-h, (t)) (29)

where ( and Q are the heat exchange at moment t and the total heat transfer capacity, respectively.

3.3 Model validation by experimental data

Since the experimental data about the compressed CO; energy storage system is not available in
the existing literature, the validation is carried out in two aspects. First, as the CO; storage tank is the
most typical and important dynamic component, and the experimental and simulation data can be found
in [36, 37], the comparisons with available experimental and simulation results for low-pressure tank
(LPT) pressure, high-pressure tank (HPT) pressure, and HPT temperature during the charging, and for
LPT pressure and HPT pressure during the discharging are depicted in Fig. 5(a-€), respectively. Note
that the difference between the simulation results and experimental data of temperature in HPT
becomes large at the end of the curves in Fig. 5 (c). It is because the heat loss in the experiment cannot
be ignored, while it is neglected in the simulations. As time and temperature increase, the simulation
temperature is higher than the experimental one. But it can be observed that all the simulation results
have a good agreement, which proves the accuracy of the modelling. In summary, an overall good

agreement is observed for the dynamic model of the CO; storage tank.

14
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Fig. 5. Comparisons of the present results with available simulation and experimental data of (a) LPT
pressure, (b) HPT pressure and (c) HPT temperature during charging; (d) LPT pressure and (e) HPT
pressure during discharging [36, 37].

Second, as the dynamic modelling is also suitable for multi-stage energy storage systems after
some simple modifications, the compressed CO- energy storage system with two-stage compression
and two-stage expansion [36] is selected for the validation of the system. Fig. 6 illustrates the
comparisons of the parameters of some key components. Good agreement is found for each component.
Note that the TES modelling is different between the present results and the literature [36]: a slight
difference occurs at the outlet of the TES device, resulting in the difference in the inlet parameters of
the turbine, as well as the outlet parameters.

According to the validation on both component and system levels, the accuracy of the dynamic

model can be verified.
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Fig. 6. Comparisons of (a) HPT/LPT pressure and temperature during the charging, (b) HPT/LPT
pressure and temperature during the discharging, (c) C1 pressure and temperature during the charging,
and (d) T1 pressure and temperature during the discharging [36].

4. Results

Overall, it is not straightforward to evaluate the comprehensive effects of the disturbances on the
system performance. Thus, the analysis should begin from a simple scenario: only one single
disturbance occurs, i.e., p2nd= Pp, min and psra does not exist, and then turn to two other scenarios for
more complex situations. In the second scenario, there are two disturbances, which are symmetric in
the pressure curve, i.e., pist= Par. In the third scenario, two asymmetric disturbances exist: pis is not
equal to pswg. The three scenarios have different numbers of independent variables from one (pist), two
(p1st and pzng) to three (pist, P2na and para). The following sections investigate the effects of different

numbers and the extent of the disturbances on system performance.

4.1 Effects of a single disturbance

The scenario with only one disturbance is analyzed here, as shown in Fig. 7(a), where the pressure
at the high-pressure tank (HPT) in charging increases from Pp min until the pressure pis, and then turns
to a discharging until the pressure at the HPT reaches Pp, min, marking the end of a round-trip. To

evaluate the effects of the magnitude of pis, four typical cases are chosen in the scenario, where the
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HPT is charged to 100%, 75%, 50% and 25% of its maximum charging capacity when the disturbance
occurs, i.e., Pist = P1, Po.7s, Pos and po.zs. And the four typical cases are referred to as S1, S2, S3 and S4

(“S’ for “single™), as schematic in Fig. 7(b), which is a rearrangement of the processes shown in Fig. 4.

@) Pressure in HPT (b) Cases Pressure in HPT
I:)D,malx BN |
s st || |* ﬁ B
/
’ : Po.7s
[SETS P, ANNRNUURT NSRRI IO SRPRRSIIN FPPPPRRPRPRPRRAI — 1
N 7
_ Pes
I:>D,min l . s3 » -
Actual period | [TA
Design period I VS
sS4 »

Charge and discharge in HPT in a round-trip

Fig. 7. Scenario of single disturbance (Scenario S): (a) there is only a single disturbance in a round-trip
(the dashed lines denote design charging/discharging while the solid lines denote off-design ones); (b)
schematic of the pressure changes in the HPT in the chosen four cases in this scenario.

The performances of the main components are investigated and presented in Fig. 8. As different
components work during different periods, the temporal variations of the parameters of these
components should be presented separately in different figures. The high-pressure tank (HPT) works
during the charging and discharging processes, thus the parameters are shown in the two figures of
“HPT charge” and “HPT discharge”, as shown in Fig. 8 (a and b). For the low-pressure tank (LPT), the
two figures are “LPT charge” and “LPT discharge”, as shown in Fig. 8 (c and d). The parameters of the
compressor are shown in the “Compressor charge” figures as it only works during the charging process,
as shown in Fig. 8 (e and f). Thus, the turbine parameters are presented in “Turbine discharge” figures,
as shown in Fig. 8 (g and h). For the thermal energy storage (TES) device, it works during both
charging and discharging processes which require two figures of “TES charge” and “TES discharge”,
as shown in Fig. 8 (i and j).

The pressure and temperature in the HPT are presented in Fig. 8(a) and (b). With px in the HPT
reduced from 100% to 25%, the charging time is reduced from 3632 s (to, actually the time at design
condition) to 917 s (around 0.25tp). At the end of discharging the thermodynamic parameters of the
HPT return to their initial values. Besides, the discharging time is the same as that in each case, and this

is due to the assumptions of identical mass flow rates and the omission of valves. Additionally, the
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variations of pressure and temperature in the LPT are depicted in Fig. 8(c) and (d). Note that the
parameters at the end of discharging are different from the initial values. The reason should be that
different heat loss values of the TES device during the discharging cause different turbine inlet
parameters.

The isentropic efficiency of the compressor during charging is shown in Fig. 8(f). A disturbance
occurring in the early stage, denoted in dashed orange, means that the compressor works mainly in the
high-efficiency zone (compressor efficiency curve modelled by Eq. 14). Its isentropic efficiency
decreases owing to enhanced outlet pressure and reduced inlet pressure. An enhanced power
consumption observed should be due to an increase in the pressure difference of the compressor. The
pressure and temperature differences increase with an increasing pist as given in Fig. 8(e), which are
related to the increase of the pressure and temperature in the HPT and their decrease in the LPT during
the charging.

The turbine isentropic efficiency during discharging is given in Fig. 8(h). For a certain case, it just
decreases slightly when the disturbance occurs, as it still operates within design conditions. Among
different cases, it decreases as the ratio of the outlet pressure and the inlet one is reduced, see Eq. 20.
The turbine power output decreases owing to the pressure decrease in the HPT and the increase in the
LPT. The pressure and temperature differences are given in Fig. 8(g). The initial pressure and
temperature of the turbine in each case are different owing to the different parameters in the HPT when
charging ends. Due to a similar cause to the compressor, the inlet and outlet parameters of the turbine
both depend on those of the HPT and LPT. Therefore, the pressure and temperature differences in the
turbine decrease with a decreasing pist, with the reduced pressure and temperature in the HPT and their
increase in the LPT during the discharging.

TES device has a lower temperature when the disturbance occurs early as shown in Fig. 8(i) and
(). The temperature in the TES device is determined by the outlet temperature of the compressor, inlet

temperature of the turbine and inlet/outlet temperature of the HPT, which has been analyzed above.
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Fig. 8. Temporal variations of the parameters of main components: HPT pressure & temperature during
charging (a) and discharging (b); LPT pressure & temperature during charging (c) and discharging (d);
Compressor pressure & temperature difference (e) and power consumption & isentropic efficiency (f)
during charging; Turbine pressure & temperature difference (g) and power consumption & isentropic
efficiency (h) during discharging; TES temperature during charging (i) and discharging (j).

The exergy destruction (Epes) and efficiency (7,, ) of the compressor, turbine and TES device are
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shown in Fig. 9(a-c) based on Eqs. 4 and 8. With the rise of pis, an increasing Epes is observed for the
compressor because the fuel exergy is enhanced faster than the product exergy. Meanwhile, 7, is
only slightly reduced due to the small difference between the fuel and product exergy, meaning that
there is little irreversibility in the compressor. For the turbine, Epes is not monotonic because it is an
absolute value of the difference between the fuel and product exergy, which is different at different pis.
Nevertheless, 7, increases linearly with the rise of pis as it is the ratio of the product to fuel exergy.
The increasing 7, illustrates more output power and less irreversibility in the turbine. Besides, 7,,
of the TES device increases due to the faster growth of the product exergy than that of the fuel exergy.
Tab. 2 shows the exergy calculation equations for each component.

Tab. 2. Exergy calculation equations for the compressor, turbine and TES device.

Components Fuel exergy Product exergy

Compressor Jo et foo (B ()~ Ecn (D)
e [T (ELO-ELOR [T

TES device [ (Eres n (1)~ Eres ou 0 [ (Ergs u () ~ Eres i (1) ot

begin char begin dischar

At the system scale, the performance of the total and average output power (Wr and W, ), energy
storage density ( o) and round-trip efficiency (7, ), is shown in Fig. 9(d) and (e). The slope of Wr is
greater than that of W, as shown in Fig. 9(d). It is because Wr is the integral of the power over time
as calculated in Eqg. 16, in which a larger pis: means a longer discharging time, resulting in a larger Wr.
Meantime, W, increases due to the increased exergy efficiency, which also contributes to higher total
power output.

Furthermore, the effects of pit on 7, and o are shown in Fig. 9(e) from Egs. 2 and 3. p,

and 7,, atdesign conditions (pi= 1) are 252.68 kJ-m and 59.66%, respectively, marked by dashed

lines for reference in Fig. 9(e). The blue bars are closer than the dashed blue line, while the white bars

are farther than the dashed black line, indicating that the disturbance (pist) affects density more than

efficiency. 7, decreases to 44.95% with a decreasing pis, because of a reduction in the ratio of W+ to
Wc (see Eqg. 2). Moreover, p decreases to 39.29 kJ-m= (at pi= 0.25), which is 15.55% of p, due
to a reduced total power output.

The effect of past on the system firstly depends on the turbine. As 7, is down to the minimum
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when pis decreases to 0.25 in Fig. 9(b), together with the minimum discharging time, W+ decreases to
its smallest value which is about 15.55% of the design condition in Fig. 9(d). Note that the percentage
is the same as the percentage p, at pist= 0.25 in Fig. 9(e) according to Eg. 3, in which the volume of
tanks is constant. In other words, Wt and p follow the same trend, which is shown by the white bars
in Fig. 9(d) and (e).

However, in Fig. 9(e), the slope of 7, is smaller owing to the combined effect of the turbine and
the compressor according to Eq. 2. As there is little irrversibility caused by high 7, on the
compressor as shown in Fig. 9(a), the increase in 7, is similar to that of the turbine, which is shown
in Fig. 9(d) and (e). However, as 7,, of compressor decreases with the rise of pis, leading to an
increase in the power comsumption, 7, increases more slowly than the storage density which is

affected only by the turbine. In summary, it is illustrated that when the disturbance occurs prematurely,

a remarkable reduction will be inevitable in o, 7,, Wrand W, .
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Fig. 9. Effects of single disturbance on the performance of components and the system: the exergy
destruction and efficiency of (a) the compressor, (b) the turbine, (c) the TES device, (d) the total and
average power of the turbine, and (e) the round-trip efficiency and energy storage density.
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4.2 Effects of double symmetry disturbances

The second scenario is analyzed and evaluated based on two symmetric disturbances. As shown in
Fig. 10(a), the pressure at the high-pressure tank (HPT) increases from Pp, min, Stops at pressure pis, and
then turns to discharging and stops at pressure pang. After that, charging begins and then stops at the
pressure para (= past), followed by sufficient discharging. Six typical cases were chosen and referred to

as DS1-6 (‘DS’ means double symmetric disturbances), as schematic in Fig. 10(b).
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Fig. 10. Scenario of double symmetry disturbance (Scenario DS): (a) there are double disturbances in a

round-trip, which are symmetrical with p1st = para (the dashed lines denote design charging/discharging

while the solid denote off-design ones); (b) schematic of the pressure changes in the HPT in the chosen
six cases in this scenario.

For a round-trip with multiple insufficient charging and discharging, the round-trip efficiency

should be calculated in Eq. 30, where n is the number of discharging, Wr  is the total power output,

and Wc, k denotes the total power consumption in the ki discharging. Similarly, the energy storage

density in a round-trip is calculated in Eq. 31, where V denotes the volume of storage tank. Thus, the
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exergy destruction is calculated in Eq. 32, where E E., and E,  represent the exergy

Di,n ! Fin
destruction rate, the fuel exergy, and the product exergy rate in the i, component, respectively. The

exergy efficiency is calculated in Eq. 33.

M = (30)

p=—t— (31)

n n
ZEDes,i,k Z(EF,i,k_EP‘i,k)
_ 3 _a (32)
n n

Des, i

n

ZEP, i,k

nex,i = L (33)

n
ZEF, i,k
1

The effects of two symmetric disturbances on the performance of the components and the system
are demonstrated in Fig. 11. Note that the results in Fig. 8 are also added. The results on the exergy
destruction and efficiency (Epes and 7;,, ) of the compressor, turbine and TES device are shown in Fig.
11(a-c). For the cases with a certain pang, the results are similar to those in Scenarios S, as analyzed in
Sec. 4.1. When pust is determined, as pznd increases, Epes decreases, and 7, increases in the
compressor, turbine, and TES device. It is because p2ng represents disturbance during the process. When
p2na Slightly deviates from 1, e.g., p2na = 0.75, meaning a limited disturbance, so the main components
still operate in their design conditions, leading to a limited Epes and higher 7, .

The total and average output power (Wrand W, ) of the turbine is shown in Fig. 11(d). According
to Sec. 4.1, the variations of Wr and W, are dependent on 7,, of the turbine as shown in Fig. 11(d).
Therefore, W, presents a similar trend to 7,, . However, Wr at pzng# 0 is higher than that at pzng= 0.
It is because that W is the integral of the power at each moment during the whole process. The cases at
pand # O present a longer actual period due to the disturbance which suffer from two
charging/discharging in the process (compared to one charging/discharging at pznd = 0).

Wy and W, of the turbine essentially determines 5, and p of the system (see Sec. 4.1),

which are shown in Fig. 11(e). In the dark-colored bars, the highest 7, of 59.18% appears with pist =
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1 and p2ng= 0.25 (Case DS3), while the least one of 52.11% is observed with pist = 0.50 and pang= 0.25
(Case DS6). This is also observed for the highest o of 224.35 kJ-m= (88.79% p,) and the least one
of 74.24 kJ-m™ (29.38% p, ). It is not surprising to observe a slight difference in 7, , but it is necessary
to note the huge difference in . The latter is caused by two reasons: 1) o depends on the extent of
charging (pist); the insufficient charging no doubt undermines p . 2) It also depends on the extent of

discharging (psw); the insufficient discharging will also reduce o . Note that o can be reduced to

less than 1/3 of p,,.
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Fig. 11. Effects of two disturbances on the performance of the components and the system: the exergy
destruction and efficiency of (a) the compressor, (b) the turbine, (c) the TES device, (d) the total and
average power of the turbine, (e) the round-trip efficiency and energy storage density.

4.3 Effects of three different disturbances

The third scenario is analyzed and evaluated based on three different disturbances (pist, p2nd and

pard) existing. As shown in Fig. 12(a), the pressure at the high-pressure tank (HPT) increases from Pp,
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min and Stops at pist, P2nd and parg, and then ends at Pp, min again. Eight typical cases are chosen in the
scenario, and referred to as DA1-8, as schematically shown in Fig. 12(b), where ‘DA’ means two

asymmetric disturbances (pist # Para).

@) _
Pressure in HPT
PD,maLx > I |
Pist feeeeemeermensneenngs Lt I ................................................ I ......... .
P3rd Lo e neeen T ............................................... I ........ .
[SPTI] FOY AO / ........ | ...................................... / ........
PD,min I l
Actual period
Design period
Charge and discharge in HPT in a round-trip
(b)
Cases Pressure in HPT
miEN; ]
DAl = = .
BR7R 77l
I 7 Po2s -
DA2
478 SEd7 il
- — Po.os -
DA3
478 8Ed 7 il
o B B e
DA4
BR7 7 kdZ7Ml
_ 5 Po2s - -
DA5S = =
| 7~ []
_ 5 Po.2s -
DA6 = = .
| A=~
- Po2s o _
DA7 - g -
Hiad 7zl
o Po.s -
DA8 = =
| |7 A Q L

Fig. 12. Scenario of double asymmetry disturbance (Scenario DA): (a) there are double disturbances in
a round-trip, which are asymmetrical with p1st not equal to parg (the dashed lines denote design
charging/discharging while the solid denotes off-design ones); (b) schematic of the pressure changes in
the HPT in the chosen eight cases in this scenario.

The effects of three different disturbances on the performance of the components and the system
are demonstrated in Fig. 13. Note that the results of the cases in both Scenarios S and DS are added and

marked by the ten spheres on the dashed triangle surface. The rest of the eight spheres in the space

represent the cases for DA scenarios.
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The maximum value of the total output power (Wr) is shown in blue circle in Fig. 13(a) due to the
longest actual period as analyzed in Sec. 4.2. However, as the average output power (W, ) is
independent of time, the powers are all at a high level at pist= psa =1, as shown in Fig. 13(b). The
energy storage density ( o) is given in Fig. 12(c) while the round-trip efficiency (7, ) is shown in Fig.
13(d). p is defined as the ratio of Wy and the number of charging/discharging in Eq. 31. The
numbers of the charging/discharging are one at pzna=0 and two at pana = 0. Therefore, the maximum
value is shown in red circle, which is also the position for the design condition. A larger ratio of Wt and
Wc is observed when payq rises, despite a close W+. The third disturbance psq has a more important
effect on 7,, and this is why we can observe a symmetric distribution of o in Fig. 13(c), rather than
the efficiency in Fig. 13(d).

Moreover, we can observe that, among all the cases, o varies from 252.68 (o, ) to 39.29 kJ-m?

(15.55% p,). p inmost cases has deviated significantly from that of the design condition (noted by
the circle). However, 7, varies from 59.66 (7, ,) to 44.95% (75.34% 1, ). Most of the cases

present a slightly reduced 7, . These findings also support the statements of Secs. 4.1 and 4.2. Thus, it
can be concluded that, compared to 7,, o suffers from a remarkable effect of multiple insufficient

charging and discharging. This implies some issues for economic analysis, which will be discussed

later.
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total and (b) the average power of the turbine, (c) the round-trip efficiency and (d) the energy storage
density.

5 Discussion

The evaluations of the energy storage density, system efficiency and power output, under the
effects of insufficient charging/discharging, are presented in Figs. 8, 10 and 12. The results demonstrate
that the actual performance of density and power, except for the system efficiency, could highly deviate
from the targets at design conditions. In other words, a perspective should be performed on the effects
of renewable energy variability on comprehensive performance over a long period. It is assumed that
the energy storage system would run half the design (S1 (po-pist-po) in single disturbance) and half the
off-design (in which three single disturbances, six symmetrical double disturbances and eight
asymmetrical double disturbances operate equally in quantity) processes. The actual comprehensive
efficiency of the system under this assumption is 57.78%, slightly less than the design one of 59.66%.
However, a remarkable reduction in energy storage density to 197.60 kJ-m is observed, about 78.2%
of the design value of 252.68 kJ-m=. Furthermore, the average output power of the turbine is about
95.70% of the design value.

Remarkable reductions in density and power should be considered seriously. If not well treated, it
would bring some uncertainty and insecurity to larger-scale electricity grids. More importantly, this
could fundamentally deteriorate the economic performance of an energy storage system over a long
period. The effects of energy source variety on economic performance have been investigated in [47,
48], considering the effects of a variety of these parameters. However, the effects of insufficient
charging and discharging, due to the variability of renewable energy have not been investigated before.
The output power and the energy density evaluated in the present work could be incorporated with
future work of techno-economic analysis. For example, He et al. [48] evaluated the geological
resources of the UK for bulk-scale compressed air energy storage combined with solar and wind energy,
in which the variability of solar energy (see Fig. 3 in [48]) through a year was considered in detail in
calculating the output power (Eq. 10 in [48]). Considering the complex effects of the variability of
renewables, improving the understanding of its effects will no doubt help the assessment of the
economic cost and income under actual conditions over a long period.

Besides, it is noted that isobaric storage has drawn much attention owing to its potential to tackle
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the transient pressure issue. For example, the Canadian company Hydrostor uses an isobaric design to
reduce pressure loss for high-pressure air storage [49]. However, isobaric storage technologies, such as
isobaric tanks with pistons or hydrostatic force, have huge complexity compared to the fixed-volume
storage. The capital cost, configuration complexity, and other unpredictable challenges should be
investigated. Especially for carbon dioxide storage, the isobaric tank would also face sealing issues,

which is the key issue that should be considered.

6. Conclusions

In the present work, the effects of multiple insufficient charging and discharging on compressed
CO, energy storage systems are proposed for the first time, mathematically formulated, and
quantitatively evaluated. A novel analysis method is proposed. Firstly, the charging extent at
high-pressure tank is chosen to define the insufficiency extent of charging and model the effects of
external disturbance due to renewable energy uncertainty. Secondly, three typical scenarios are
determined for showing the progressively higher dimension and a series of typical cases in each
scenario are set. Thirdly, thermodynamic analysis is performed at different scales, from the
temperature/pressure to the exergy analysis, the energy storage density, power output and system
efficiency.

It is found that the actual efficiency of the system during the whole working period is 57.78%,
slightly less than the design efficiency of 59.66%. However, the energy storage density is significantly
reduced to 197.60 kJ-m3, 78.2% of that at design conditions. Besides, the average output power of the
turbine is about 95.70% of the design value. Note that there is still room for improvement in the present
modelling, including more accurate modelling of the dynamic response of the components, specific
modelling of the input of solar energy based on real geological resources conditions, and so on. Overall,
the present work has demonstrated the important effects of renewable energy variability on the actual
performance of energy storage systems and may help improve the accuracy of the economic analysis

and facilitate the decarbonization of power systems.
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