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Abstract: Compressed air energy storage (CAES) is one of the leading large-scale
energy storage technologies. However, low thermal efficiency and low energy storage
density restrict its application. To improve the energy storage density, we propose a
two-reservoir compressed CO, energy storage system. We present here
thermodynamic and parametric analyses of the performance of an idealized
two-reservoir CO, energy storage system under supercritical and transcritical
conditions using a steady-state mathematical model. Results show that the
transcritical compressed CO, energy storage system has higher round-trip efficiency
and exergy efficiency, and larger energy storage density than the supercritical
compressed CO, energy storage. However, the configuration of supercritical
compressed CO; energy storage is simpler, and the energy storage densities of the two
systems are both higher than that of CAES, which is advantageous in terms of storage
volume for a given power rating.

Key words: Subsurface energy storage; Compressed CO, energy storage system;
Utilization of CO,; Two saline aquifers reservoirs; Thermodynamic analysis;

Parametric analysis.



48  Nomenclature

H enthalpy, ki/kg

S entropy, kJ/(kg-K)

P pressure, MPa

E exergy, KW

T temperature, K

Ts surface temperature, K
w shaft work, kW

Co specific heat capacity at constant pressure, kJ/(kg-K)
G geothermal gradient, K/km
Y volume, m®

m mass flow rate, kg/s

Q heat transfer, W

z depth of saline reservoir, m

Abbreviations

A-CAES adiabatic CAES
AA-CAES advanced adiabatic CAES
C compressor
CAES compressed air energy storage
CCES compressed CO; energy storage
HE heater

HS high pressure reservoir



LS

PM-CAES

RE

SC-CCES

SC-CO;

T

TC-CCES

TC-CO,

Greek symbols

Bo
Pw

p

Subscripts
S

Comp

NG

low pressure reservoir
porous media CAES
recuperator
supercritical compressed CO, energy storage
supercritical CO,
turbine
transcritical compressed CO, energy storage

transcritical CO,

pore compressibility, Pa™
change in brine density
efficiency
temperature difference, K

density, kg/m?

isentropic process
compressor
inlet stream
outlet stream
turbine
nature gas

fuel



tot total

D destruction

L loss
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1. Introduction

In recent years, renewable energy, particularly wind power and solar photovoltaic (PV)
generation has demonstrated robust growth-worldwide motivated by concerns about
energy security and climate change due to CO, emission levelst*?. But Renewable
energy sources (e.g., solar and wind energy) exhibit significant and uncontrollable
intermittency during power production. When these renewable energy sources are
connected to an electrical grid, they can cause serious safety problems for the grid;
hence, it is difficult to deliver power from renewable energy sources that instantly

matches electricity demand®®!.

To solve this dilemma and develop renewable energy sources further, viable energy
storage systems (ESS) are required. For example, an efficient ESS can increase the
penetration of wind power generation by controlling wind power plant output and

storage, in addition to providing ancillary services to the power systeml*!.

On a utility scale, compressed air energy storage (CAES) is one of the technologies
with the highest economic feasibility with potential to contribute to a flexible energy
system with an improved utilization of intermittent renewable energy sourcest. The
feasibility of using CAES to integrate fluctuating renewable power into the electricity

[6-9]

grid has been proven by many researchers®®®. Bosio and Verdal® analyzed the

thermo-economics of a CAES system integrated into a wind power plant in the
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framework of the Italian Power Exchange market, which showed that a hydroelectric
power plant (HPP)-CAES system was cost-effective in terms of solving local
imbalances of the grid. Clearly et al.l”! evaluated the economic benefits of CAES in
mitigating wind curtailment. They showed that both wind curtailment levels and
wind-farm total annual generation costs could be decreased. Arabkoohsar et al.l®
simulated and analyzed CAES equipped with a solar heating system. The results

showed that CAES could increase the efficiency and reliability of a PV plant.

However, the main drawbacks of a CAES system include its low thermal efficiency
(e.g., Huntorf CAES plant efficiency is 42% and AA-CAES efficiency is about
70%'%), CO, emissions from combustion of natural gas in the recovery system for
conventional CAES, the need for high temperature thermal storage and temperature
resistant materials for adiabatic CAES (A-CAES). These factors limit further
development of CAES. Although large-scale caverns are also required for CAES as it
is carried out today, porous media systems such as aquifers and depleted natural gas
reservoirs, so-called porous media CAES (PM-CAES) systems, offer much more

storage capacity!**.

Thermodynamic analyses of CAES systems have been performed to optimize these
systems and improve their thermal efficiency. For example, Buffa et al.l*? conducted
an exergy analysis of A-CAES and found that exergy destruction mostly occurred in

the compressors and coolers. Proczka et al.[**! analyzed the effects of pressure and the
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efficient sizing of pressure vessels on CAES. Zhang et al.l**"*®! analyzed the
thermodynamic effects of thermal energy storage (TES) and the air storage chamber
model on a CAES system. Jubeh and Najjar et al.*® explored the effects of operating
variables on A-CAES performance. Najjar and Zamout analyzed the effects of dry
regions on the performance of a CAES plant!*’). The operation, experience, and
characteristics of Huntorf CAES were also investigated!®. Thermodynamic analyses
have shown that, both, decreasing the exhaust temperature and using heat of

compression during expansion can significantly improve CAES efficiency.

Several novel CAES systems have been proposed that reduce waste heat. A
recuperator was utilized to capture heat from the turbine exhaust, which could reduce
the fuel consumption of the Mcintosh plant by 25%!'°-%] Safaei and Keith™"
proposed a distributed CAES (D-CAES) system that placed compressors near heat
demand loads to recover the heat generated during the compression stage. Liu™®
proposed a modified A-CAES system that used a pneumatic motor instead of a low
pressure turbine (LT) to reduce the exhaust temperature caused by LT, and the exergy
efficiency can be improved by nearly 3% compared with that of the conventional
A-CAES system. Guo et al.’?*! proposed a novel A-CAES system in which an ejector
was integrated into an A- CAES system to recover pressure reduction losses; energy
conversion efficiency could reach 65.36%. Several demonstration A-CAES plants
have been built, such as a 1.5 MW A-CAES in China, where initial experimental tests

are on-going. An A-CAES technology that uses reversible reciprocating piston
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machines is being developed by LightSail Energy Ltd. in the U.S. Other new systems
include a tri-generation system based on compressed air and thermal energy
storage!??, biomass-fueled CAES, isobaric adiabatic CAES with combined cycle!®!,
combined cooling, heating and power system based on small-scale CAES?, CAES
using a cascade of phase change materialsi®®, CAES combined with solar thermal
capture®® integrating CAES with diesel enginel?”), and compressed carbon dioxide

energy storage!?®!.

Although thermal efficiency can be improved by various methods, CAES has low
energy density and requires large-scale storage reservoirst?®?. To overcome these
restrictions, several studies have been conducted on novel energy storage technologies.

[30]

For instance, Kim'™ proposed a constant-pressure CAES system combined with

[31]

pumped hydro-storage to reduce the cavern volume. Guo et al. presented a

supercritical compressed air energy storage (SC-CAES). Oldenburg and Panf
modeled a porous media CAES (PM-CAES) system that uses aquifers or depleted
natural gas reservoirs for storage. Underwater compressed air energy storage
(UWCAES) stores the compressed air under water by using a large elastic bladder®,
Small scale CAES (SS-CAES) that stores high-pressure air in a tank or an

underground pipeline was also proposed®. Each of these novel approaches brings

with it additional requirements and limitations.

As popularly known, CAES is derived from the Brayton cycles, and gases like CO,
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that are non-ideal at operating conditions are more efficient in a Brayton cycle®*.

Using CO; as the working fluid in a compressed gas energy storage system can also
achieve better performance than AA-CAES®®. At the same time geological CO,
sequestration in deep formations (e.g., saline aquifers, gas and oil reservoirs, and coal
beds) is a promising measure for reducing greenhouse gas emissionst®®!. Therefore,
the combination of compressed gas energy storage in the deep subsurface and

large-scale utilization of CO; is both possible and beneficial.

Although, some research has been conducted on energy power cycle and energy
storage systems based on CO, and liquid CO,***! we are not aware of published
analyses of energy storage systems based on transcritical CO, (transition from
supercritical to gas) or based on supercritical CO, throughout the cycle. Therefore, the
innovation of this paper resides in the exergy analysis of a closed-loop gas storage
system, conceived by two of us (Borgia and Oldenburg in January of 2012), which
comprises two reservoirs, in this case in saline aquifers but which could also be in
caverns, located at different depths and uses transcritical and supercritical CO, as the
working fluid. This novel energy storage system can be used in two different energy
cycles (e.g., transcritical CO, energy storage cycle, and supercritical CO, energy
storage cycle) according to the physical state of CO, in the process. We conducted
energy and exergy analyses to understand the thermal properties of the compressed
CO; energy storage system. In addition, parametric analysis was performed to

10
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investigate the effects of the physical conditions of two saline aquifer reservoir (e.g.,
energy storage pressure, energy releasing pressure, and pressure of low-pressure

reservoir) on system performance.

2. System description

The proposed compressed CO, energy storage system using two saline aquifers as
storage reservoirs is a closed energy-storage cycle. The first reservoir is a
low-pressure reservoir used to store CO, exhausted from the turbine, whereas the
second reservoir is at higher pressure to store CO, from the compressor. This energy
storage system, although based on the same principles, can be operated in two
different ways according to the state of CO,, (1) by allowing the CO, to transition
from supercritical to gaseous conditions in the turbine, which we refer to as the
transcritical compressed CO, energy storage (TC-CCES) system, and (2) by keeping
the CO, above the critical pressure throughout the cycle, which we refer to as the
supercritical compressed CO, energy storage (SC-CCES) system. The schematic and

T-S diagram of compressed CO, energy storage (CCES) is shown in Figs. 1 and 2.

1: During off-peak hours, the working fluid (low-pressure CO,) stored in a shallow
low-pressure reservoir is removed, pressurized, and injected into a deeper
high-pressure reservoir using surplus renewable power, such as that from wind or
solar.

11
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2: For multi-stage compressor, the heat of compression of the CO, is absorbed by a
cooling fluid which is stored in a TES system, while the CO, from the last stage
compressor is directly injected into the high-pressure storage reservoir.

3: During peak hours, the high-pressure CO; is regulated to a certain pressure through
the throttle valve, and is transported to the recuperator system to absorb the heat
exhausted from the turbine in the TES.

4: The heated high-pressure CO; is fed into the turbine.

5: The high pressure CO, expands through the turbine generating shaft work.

6: The exhaust CO; is stored in the low-pressure reservoir.

Considering that because of the geothermal gradient the temperature of the
saline-aquifer reservoirs increases with depth, the output CO, from the compressor
stage can be directly injected into the high-pressure reservoir storing, both heat and
CO; directly into the rock formation. Therefore, the proposed SC-CCES does not
need a TES to store the compressed heat generated during compression, implying that
the aftercooler is theoretically unnecessary. In our analysis, though, to allow a direct
comparison with CAES and highlight the benefits of the two-reservoir CCES system,

we retain the heater.

12
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198 Fig.1. Schematic illustration of CCES using two saline-aquifer reservoirs.
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200  Fig.2. CCES using two saline aquifers reservoirs. a. The schematic of TC-CCES. b.
201  The schematic of SC-CCES. c. T-S diagram of TC-CCES. d. T-S diagram of
202  SC-CCES. C = compressor; RE = recuperator; T = turbine; HE = heater; LS = low
203  pressure reservoir; and HS = high pressure reservoir.
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3. Theoretical model

The following assumptions are made to simplify the theoretical model of the
compressed CO, energy storage cycle:

1. The pressure drop and heat loss in the pipes, heat exchanger, TES, and recuperator
are ignored.

2. The compressor and the turbine have a given isentropic efficiency.

3. Changes in kinetic energy and potential energy are negligible relative to the stored
energy.

4. The storage in the two saline aquifers is considered a closed system at hydrostatic
pressure.

5. The mass flow rate of CO, is the same in the storage and recovery modes of

operation, and for TC-CCES and SC-CCES.
3.1. Compressor model

The isentropic efficiency of compressor #comp IS,

_ hZS B hl
Teomo = ", 1)

where h; is inlet enthalpy and hys is outlet enthalpy during isentropic compression, h;
is the real enthalpy during compression.

During isentropic compression, the entropies of the initial and final states are the same,
e,

Sys =35y, @)
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The corresponding enthalpy of the outlet stream at the end of isentropic compression
can be calculated from the property relationship, f, which is derived from the equation
of state,

h,, = (S5, P,), 3)
The actual enthalpy of the pressurized CO, at the outlet of the compressor can be
calculated using the definition of compression efficiency. Hence, the power consumed,
Weomp, 1S,

Wcomp = h2 - hl ) (4)

3.2. Heat exchanger model

The properties, such as density, specific heat, and viscosity are observed to undergo
drastic variations within a very narrow range of temperature if the CO, is under
supercritical pressure, which will have a great effect on system performance.
Therefore, it is essential to divide the heat exchanging process into adequately small
sections, such that property variations in each section are so small that constant

properties can be assumed 7).

The inner cooler, pre-cooler, and recuperator function together as the heat exchanger.
For the inner and pre-cooler, we assumed that the upper terminal temperature
difference A7, , and inner and pre-cooler temperatures are both constant. To obtain
the amount of compressed heat, the overall temperature change for CO, is divided

into N equal differences Az . The specific heat at constant pressure at each

15
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intermediate state is determined from the known pressure and temperature. The heat

transfer for each step i and mass flow rate of water are calculated from the following

equations:
Qi = rhcoch,coz,i (Tcoz,m ~Tco,.i ) ] (5)
Qi = mwaterCP,water,i (Twater,i+l - z-water,i ) ' (6)
N .
)
mwaer = : ) 7
t (hwater,out - hwater,in) ( )

For the recuperator, we assumed that lower terminal temperature difference, Az, , IS
constant. Also the enthalpy change for hot streams is divided into N equal differences
Ah. The cooling working fluid temperatures of preheater and recuperator at each
intermediate state can be determined using the CoolProp database from the known

enthalpy and pressure.

3.3. Aquifer CO, storage model

To inject CO; into a saline aquifer reservoir, the CO, pressure has to be at least as
high as the initial groundwater pressure in the reservoir. In the present study, the CO,
pressures in the low-pressure reservoir and high-pressure reservoir are assumed to

exhibit hydrostatic variation with depth at a constant pressure gradient.

The geothermal gradient (underground temperature increases with depth) will control
the temperature of the reservoir. Using values for the surface temperature and

geothermal gradient, the underground temperature as a function of depth can be

16
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determined by,

T=T,+Gz, (8)
where Ts is the surface temperature; G is the geothermal gradient; z is the depth.
We assume the saline aquifer is a closed-storage formationst®®). To estimate aquifer

storage reservoir volume, Vs, the following equation is used,

M, (©)

Vo=,
(ﬂp +ﬁw)pC02AP

where Mcoz and Pco, are respectively the mass and density of CO, at reservoir
conditions; Ap is the pressure buildup from beginning to the end of injection; g, is the

pore compressibility; By, is the change in brine density.
3.4. Turbine model

The calculation method for the actual expansion is the same as that for compression.

The isentropic efficiency of the turbine can be calculated using,

_ h3 _h4s

~h-h,’ (10)

78
The entropies of the initial and final states are the same during isentropic expansion,
e,
Sps = S35, (11)
The corresponding enthalpy of the outlet stream at the end of isentropic expansion can
be calculated from the property relationship, f, which is derived from the equation of
state. That is,

h, =f (3451 p4)' (12)

The actual enthalpy of the pressurized CO; at the outlet of the compressor can be

17



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

calculated using the definition of expansion efficiency. Thus, expansion work can be
calculated using,

Wr = ha - h4 ) (13)

4. Performance criteria

To analyze the performance of compressed CO; energy storage using two saline
aquifers as reservoirs, exergy efficiency, exergy destruction, round-trip efficiency, and
energy storage density are introduced as the performance criteria of the overall system

and the main components®*®!,

4.1. Energy analysis

4.1.1. Round-trip efficiency

To facilitate comparisons of the novel energy storage system to other electrical

storage devices, the round-trip efficiency of energy storage is defined as?®®-3,

E
T ' (14)
Ec + 7y Er

Tlrr 1 =

where Et represents the electricity output; Ec represents the electricity input; #ncEr
represents the amount of electricity that could have been made from the natural gas
input Eg, if that fuel had been used to make electricity in a stand-alone power plant at

efficiency #n instead of to fire an energy storage unit, ne = 47.6%8.

18
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4.1.2. Energy storage density

Determining the amount of electrical energy that can be produced per unit volume of
storage capacity (Ecen/Vs) is essential to evaluate the geological requirements for
compressed gas energy storage. The energy produced per unit volume for compressed

CO; energy storage with two saline reservoirs is,

w, (5 +ﬂw)(p1,cozAPl + Paco, AR, ) (15)

EGEN/VS = 2 !

4.2. Exergy analysis

The general exergy balance for the overall system is“®*4,

EF,tot = EP +Z ED,k + EL ) (16)
k

where Ecw, E; Zk: Eo.x ,and E, represent the total amount rate of fuel exergy, product

exergy, exergy destruction, and exergy loss associated with the overall considered

system, respectively.

The general exergy balance of the k™ component of the overall system can be
expressed as follow:

Epx =Ery—Epy, (17)
where Eo., Er., and E-. represent the exergy destruction rate, the fuel exergy,

and the product exergy rate within the k™ component, respectively. Exergy efficiency

is defined as,

Mo = EF,tot _Z ED,k - EL _ Ep , (18)
EF,[OI

19
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Exergy destruction in each component of the system can be calculated using the
equations listed in Table 1. To compare the exergy destruction of dissimilar

components, the exergy destruction ratio of the k™ component is defined as

yD}:= — 1 (19)

Table 1. Exergy calculation in each component of the novel system.

Component  Schematic view ey By By
12
| | . o
Compressors - | W BBy Eye—Ep
\
+—- ]
Storage : H_ 2_|
| 3 | El;c Ez,sc Er,sc _Erm
cavern !_-l
N\ ) . .
Heater . : eater 2 Egn En—Ep Eeyn—Eex

Heat l—“ 1
1 . N . N . .
| 5 Ea.}m *E-t,}m Ez.HE *EI,HE EF,}[E *Ep,}m
exchanger —41— |
==
Turbine I EI,T - Ez,'r w E-F,T - EP,T

5. Results and discussions

The simulations for the parametric analysis of the compressed transcritical and
supercritical CO, energy storage are carried out using a MATLAB™ with the
thermodynamic properties of the working fluid calculated through CoolProp!*?. The

design parameters and detailed conditions for the simulation and analysis of the

20
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compressed gas energy storage are summarized in Table 2.

5.1. Thermodynamic analysis

The detailed results of the analysis of compressed CO; energy storage using two
saline aquifers as reservoirs are presented in Tables 3 and 4, which show the
thermodynamic parameters at each node of the two storage systems, respectively. A
summary of the results of the energy and exergy analyses are provided in Table 5. The
round-trip efficiency and exergy efficiency of compressed transcritical CO, energy
storage is better than those of the compressed supercritical CO, energy storage.
Moreover, the compressed transcritical CO, energy storage has a higher energy
density (Ecen/Vs) than the compressed supercritical CO, energy storage. In addition,
the energy densities (Ecen/Vs) of the two systems can reach 497.68 kWh/m®
(transcritical CO,) and 255.20 kWh/m? (supercritical CO,), which are better compared
with that for CAES (Egen/Vs = 2-20 kWh/m?)® because more energy can be stored
in a given reservoir. The reason that the energy storage density using transcritical CO,
is much larger than that of supercritical CO, comes from the fact that the output work
of compressed transcritical CO; energy storage is more than two times larger than that
of compressed supercritical CO, energy storage. According to Eq. (15), the energy
storage density is mainly a function of w; under the same reservoir conditions. The w;
of transcritical compressed CO, energy storage and supercritical compressed CO,
energy storage are 254.82 kW and 123.58 kW, respectively. Therefore, the energy

storage density using transcritical CO; is about two times as large as that of

21
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supercritical CO, under a pressure of 40 MPa.

Fig. 3 shows the exergy destruction ratio of the different components of the
compressed CO, energy storage under simulation conditions. For the compressed
transcritical CO, energy storage, 54.37% of the irreversibility takes place in the heater,
11.98% in the low pressure reservoir, 10.93% in the compressor, 9.78% in the turbine,
9.52% in the recuperator, 3.42% in the high pressure reservoir. However, for the
compressed supercritical CO, energy storage, the largest exergy destruction is
contributed by high pressure reservoir, which exceeds 33.37% of the total exergy
destruction of the system. Secondly the heater brings larger exergy destruction, which

accounts for 20.98% of total exergy destruction.

Table 2. Parameters setting in the compressed CO, energy storage with two reservoirs.

Parameter Value Unit
Ambient temperature 308.00 K

Pressure drop in throttle valve in compression process 0.50 MPa
Inlet temperature 313.00 K

Outlet pressure of compressor train 25.00 MPa
Temperature of cooling water 308.00 K

Pressure drop in throttle valve in expansion process 5.00 MPa
Outlet temperature of heater 873.00 K

Outlet pressure of turbine train in supercritical cycle 8.00 MPa

Outlet pressure of turbine train in transcritical cycle 2.00 MPa
Isentropic efficiency of compressor 0.85 /
Isentropic efficiency of turbine 0.87 /
SCO, Depth of low pressure reservoir 760.00 M
SCO, Depth of high pressure reservoir 3000.00 M
TCO, Depth of low pressure reservoir 200.00 M
TCO, Depth of high pressure reservoir 3000.00 M

22



368  Table 3. Thermodynamic data for the material streams of the compressed transcritical

369 CO; energy storage.
Material
Streams T(K) p(MPa) h(kJ/kg) s(kJ/kg-K) e(kJ/kg)
stream
1 CO, 308.05 1.50 501.50 2.23 153.86
2 CO, 405.37 4.49 580.00 2.26 223.17
3 CO, 313.00 4.49 473.80 1.96 209.00
4 CO, 413.74 13.43 541.34 1.98 268.86
5 CO, 313.00 13.43 289.61 1.27 237.68
6 CO, 345.89 40.18 328.34 1.28 271.07
7 CO, 382.16 20.00 446.52 1.69 267.18
8 CO, 587.11 20.00 744.79 2.33 392.83
9 CO, 540.60 12.62 704.10 2.34 279.87
10 CO, 873.00 12.62 1101.81 291 505.91
11 CO, 669.75 2.00 873.09 2.96 345.20
12 CO, 387.16 2.00 574.82 2.39 174.06
370
371  Table 4. Thermodynamic data for the material streams of the compressed supercritical
372 CO, energy storage.
Streams  aerial T(K) p(MPa)  h(klkg) s(kiikgK) e(ki/kg)
stream
1 CO, 307.83 7.40 400.71 1.66 228.07
2 CO, 432.61 40.18 484.96 1.69 302.86
3 CO, 382.16 20.00 446.52 1.69 267.18
4 CO, 699.02 20.00 882.22 2.54 437.04
5 CO, 873.00 20.00 1097.20 2.81 568.41
6 CO, 763.71 8.04 973.57 2.84 437.31
7 CO, 387.16 8.04 537.87 2.05 243.42
373
374 Table 5. Results of the material streams of the transcritical and supercritical
375 compressed CO; energy storage.
. Value of Value of
Term Unit
TC-CCES SC-CCES
C1 power kW/kg 78.37 83.81
C2 power kW/kg 67.46 -
C3 power kW/kg 38.56 -
T1 power kW/kg 103.62 123.58
T2 power kW/kg 151.20 -
Thermal energy input kd/s 457.70 240.73
Round-trip efficiency % 63.35 62.28
Exergy efficiency % 53..02 51.56

Ecen/Vs KWh/m?® 497.68 255.20
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Fig. 3. The exergy destruction ratio of main components. a. transcritical compressed
CO, energy storage. b. supercritical compressed CO; energy storage. C = compressor;
RE = recuperator; T = turbine; HE = heater; LS = low pressure reservoir; and
HS = high pressure reservoir.

5.2. Sensitivity analysis of key thermodynamic parameters

Based on above analysis, the main advantage of CCES using two saline aquifers
reservoirs is the high energy-storage density. Energy storage pressure (outlet pressure
of last-stage compressor), release pressure (inlet pressure of first stage-turbine), and
pressure of the low-pressure reservoir (outlet pressure of last-stage turbine) are
primary and significant parameters that influence the energy storage density.
Therefore, conducting a parametric analysis to understand the effects of these various
parameters on the performance of the storage system is essential, and parameters

range of variation are shown in Table 6.
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Table 6. The parameters of the compressed CO; energy storage system.

Parameters Range of variation
Energy storage pressure /MPa 40-56
Energy releasing pressure /MPa 10-26
Pressure of low pressure reservoir /MPa 2-10

5.2.1. Effects of the energy storage pressure

Fig. 4 illustrates the effect of the energy storage pressure on round-trip efficiency and
exergy efficiency. The round-trip efficiency and exergy efficiency of the TC-CCES
and SC-CCES increase along with the increase in the energy storage pressure.
Moreover, the round-trip efficiency and exergy efficiency of SC-CCES are higher
than those of TC-CCES when the energy storage pressure is higher than 44 MPa. And
the round-trip efficiency is even higher than the exergy efficiency. The reason is that
for the round-trip efficiency, the input energy is electricity which includes the
consumption electricity of compressors and the conversion terms, as shown in Eqg.
(14). However, for the exergy efficiency, the input exergy consists of two terms:
electricity exergy and thermal exergy, as shown in Eqg. (18). According to the second
law of thermodynamics, the thermal exergy calculated by the input thermal energy
multiplied by the Carnot efficiency. The Carnot efficiency will be larger than the g,
when the other exergy destructions happened in power plant are considered. Therefore,

the round-trip efficiency is higher than the exergy efficiency.
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Fig. 4. Effect of energy storage pressure on round-trip efficiency and exergy
efficiency.

The effect of energy storage pressure on energy storage density is shown in Fig. 5. An
increase in the energy storage pressure increases net energy output during discharge,
which can increase energy storage density. According to Eq. (15), energy storage
density is determined by the work output during expansion and the volume of the
two-saline aquifers reservoirs. A high energy storage pressure will reduce the required
volume of the high-pressure reservoir, whereas the change in the work output is
opposite to that of required volume. Therefore, energy storage density will increase

along with the increase in the energy storage pressure for TC-CCES and SC-CCES.
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Fig. 5. Effect of the energy storage pressure on the energy storage density.

Fig. 6 shows the effect of the energy storage pressure on the exergy destruction rate of
the main components in TC-CCES and SC-CCES, respectively. The results of the
exergy analysis indicate that exergy destruction is mainly contributed by HE and RE
in TC-CCES, and the largest exergy destruction is contributed by HS, HE and RE in
SC-CCES. Moreover, the rate of RE exergy destruction decreases with the increase in
the energy storage pressure, whereas the change in the HE exergy destruction rate is
opposite to that of RE in the two energy storage systems. The outlet pressure of the
turbine is constant; hence, the outlet temperature of the turbine will decrease with the
increase in the energy storage pressure, which will result in a smaller temperature
difference in RE. A low outlet temperature of the turbine will lead to a low inlet
temperature of HE; hence, the temperature difference will be increased. Therefore,
more heat is needed to heat the CO, in the heater. The exergy destruction of RE is
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mainly contributed by the temperature difference between hot and cold working fluids.
The exergy destruction of HE is not only contributed by the temperature difference,
but also by the amount of heat put into the heater. Consequently, the exergy
destruction rate of RE will decrease with the increase in the energy storage pressure,
whereas that of HE will exhibit the opposite trend. The exergy destruction rate of C, T,
LS, HS is caused by the pressure difference, the pressure difference is higher, the
exergy destruction is larger. Therefore, the exergy destruction rate will increase with

the increase in energy storage pressure when the outlet pressure of turbine is constant.
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Fig. 6. Effect of energy storage pressure on exergy destruction rate. a. transcritical

compressed CO, energy storage. b. supercritical compressed CO, energy storage.
C = compressor; RE = recuperator; T = turbine; HE = heater; LS = low pressure
reservoir; and HS = high pressure reservoir.

5.2.2. Effects of energy releasing pressure

The effect of the energy releasing pressure on round-trip efficiency, exergy efficiency,
and energy storage density is illustrated in Figs. 7 and 9. The round-trip efficiency and
exergy efficiency of TC-CCES and SC-CCES both increase with the increase in
energy-release pressure. However, the variation in energy release pressure has a larger

effect on the round-trip efficiency and exergy efficiency of SC-CCES. Moreover, the
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performance of SC-CCES is better than that of TC-CCES when energy releasing

pressure is larger than 21 MPa.

Fig. 7 shows that transcritical CO, is better under a releasing pressure of ~20-22 MPa,
but SC-CCES becomes better under a high pressure. The reason is that the CO,
enthalpy will decrease with the increase in pressure at the same temperature.
Moreover, the enthalpy difference between different pressures also gradually

decreases along with the increase in pressure (cf. Fig. 8).
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Fig. 7. Effect of energy releasing pressure on round-trip efficiency and exergy
efficiency.
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In Fig. 7, the outlet pressure of turbine is constant, so that the input work is constant
in the compression process, the input thermal energy and output work will change
with the variations of releasing pressure. For supercritical CO,, less thermal energy is
needed and more output work is produced with the increase in releasing pressure, and
the increasing rate of output work is also higher than that of transcritical CO,. When
the releasing pressure is lower, the supercritical CO, need more heat energy and
produce less output work compared with transcritical CO,. Therefore, transcritical
CO; is better when the releasing pressure is low, but supercritical CO, becomes better

at high pressure.

Fig. 9 shows the effect of energy releasing pressure on energy storage density. As
shown in the preceding analysis, energy storage density is determined by the work
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output of the turbine train, as well as the outlet pressure of the turbine train and the
compressor train. The increase in energy release pressure will increase the work
output of the turbine train, and the pressure difference in the high-pressure reservoir
will be reduced which results in smaller volume requirement for the high-pressure
reservoir; hence the energy storage densities of TC-CCES and SC-CCES both

increase with increase in energy release pressure.
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Fig. 9. Effect of energy releasing pressure on energy storage density.

The effect of energy releasing pressure on the exergy destruction rate of the main
components is shown in Fig. 10. For TC-CCES and SC-CCES, a greater portion of
exergy destruction occurred in He and RE, and they also have the similar trend with
the variations in energy releasing pressure. The exergy destruction rate of RE in
TC-CCES and SC-CCES decreases with the increase in the energy releasing pressure,

whereas that of HE exhibits the opposite trend.
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From Fig. 10, we can find that the significant differences between TC-CCES and
SC-CCES are that (1) the transcritical exergy destruction rate is larger than that of
supercritical CO, except in the HS component, and (2) the highest exergy destruction

rate happens in different components.

The lower exergy destruction rate of supercritical CO, is caused by the fact that for
supercritical CO,, both the input energy and output work are lower than that of

transcritical CO,, so that the exergy destruction rate of supercritical CO; is lower.

The reason that the highest exergy destruction rate happened in different components
in transcritical versus supercritical CO, is that the injection temperature of the
high-pressure reservoir is much different between the transcritical CO, and
supercritical CO,. As shown in Fig. 2, and in Tables 3 and 4, we can find that the
injection pressure of the high-pressure reservoir is equal for the transcritical CO, and
supercritical CO,, but the injection temperature of supercritical CO, is higher than
that of transcritical CO,. So there is a higher exergy destruction rate in the HS in the

compressed supercritical CO, energy storage system.
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Fig. 10. Effect of energy release pressure on exergy destruction rate. a. Transcritical
compressed CO, energy storage. b. Supercritical compressed CO, energy storage.
C = compressor; RE = recuperator; T = turbine; HE = heater; LS = low pressure
reservoir; and HS = high pressure reservoir.

5.2.3. Effects of pressure of low pressure reservoir

Fig. 11 shows the effect of the pressure of the low-pressure reservoir on the round-trip
efficiency and exergy efficiency of TC-CCES and SC-CCES. It indicates that the
pressure of the low-pressure reservoir exerts a larger influence on round-trip
efficiency and exergy efficiency for TC-CCES and SC-CCES. The round-trip
efficiency and exergy efficiency will firstly decrease, and then increase with increase
in pressure of the low-pressure reservoir. This phenomenon is caused by the
properties of CO,. As shown in Fig. 12, both input work of the compressor and output
work of the turbine decrease along with increase in pressure of the low-pressure
reservoir, but the reduction of output work is greater than the decrease of input work
of the compressor. Thus the system performance decreases when the storage system
runs at transcritical state. Moreover, when the system runs at supercritical state, the

compressibility factor of supercritical CO, ranges from 0.2-0.5, which means that less
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compression work can be consumed in the compression processi*®l. Therefore, the
reduction of input work will dramatically decrease compared with that at transcritical
state. Fig. 13 shows the variations in energy storage density with the increase in
pressure of low pressure reservoir. It illustrates that the energy storage density
decreases with the increase in pressure of low pressure reservoir. Fig. 14 shows the
effect of pressure of low pressure reservoir on exergy destruction rate, which indicates
that the exergy destruction rates of HE decrease along with the increase in pressure of
the low-pressure reservoir. And when the pressure of the low pressure reservoir is
higher than 8 MPa, there is a larger decrease in exergy destruction rate of each

component except HS.

The phenomenon we have observed is that performance of SC-CCES can be
explained by the properties of supercritical CO, and configurations of the energy
storage system. Because of the larger mass density and configurations of SC-CCES
relative to transcritical CO,, the input work in compression and the temperature
difference in the heater can be reduced. Moreover, the output work in expansion will
be increased due to the higher inlet temperature and pressure of the turbine and the
higher exhaust temperature caused by a lower pressure ratio will reduce the amount of
heat in the heater. Therefore the round-trip efficiency, exergy efficiency, and energy

storage density will increase, whereas the exergy destruction rate of heater decreases.

For Figs. 11-14, the pressure range 6.5-8 MPa shows a different mechanism, which is
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caused by the thermodynamic properties of CO,. For CO,, the critical point is
7.39 MPa and 304.25 K. the thermodynamic properties of CO, and supercritical CO,
are very different. Especially around the critical point, the thermodynamic properties
of CO, will greatly change with changes in P and T*®\. Therefore, the compression

work can be substantially decreased, as shown in Fig.12.
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6. Conclusions

A thermodynamic analysis is carried out of a system consisting of transcritical and
supercritical compressed CO, energy storage using two saline aquifers as reservoirs,
including energy analysis, exergy analysis, and parametric analysis. The main

conclusions are summarized as follows:

(1) According to the energy and exergy analysis, the proposed compressed CO,
energy storage system with two saline aquifers as reservoirs has a larger energy
storage density (497.68 kwh/m® for transcritical CO, and 255.20 kwh/m® for

supercritical CO, compared to CAES (2-20kWh/m®) and an acceptable round-trip
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efficiency (63.35% for transcritical CO, and 62.28% for supercritical CO,) and exergy
efficiency (53.02% for transcritical CO,, and 51.56% for supercritical CO,) compared

with conventional CAES (81.79%%)).

(2) The use of compressed transcritical CO, for energy storage results in a higher
round-trip efficiency, exergy efficiency and energy storage density, but the

configuration of SC-CCES is simpler compared with TC-CCES.

(3) The energy release pressure has a positive effect on the three indicators including
round-trip efficiency, exergy efficiency, and energy storage density forTC-CCES and
SC-CCES. The performance of the two energy storage systems will become better

with the increase in energy release pressure.

(4) The pressure of the low-pressure reservoir has a large effect on round-trip
efficiency and exergy efficiency, especially when the pressure is below 8 MPa.
Specifically, for TC-CCES, the round-trip efficiency and exergy efficiency
dramatically decrease, whereas the energy storage density will decrease along with
the increase in pressure of low pressure reservoir.

We note that for the TC-CCES, the low-pressure reservoir needs to be much shallower
and larger than the supercritical CO, energy storage reservoir. Therefore it may pose
larger potential environmental impacts, (for instance to potable groundwater), than the
second system. Also, the hazard of induced seismicity and triggered seismicity may
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exist in both cyclic injection processes. These issues and others such as, how to
reduce brine production to a minimum,, or the hydro-geo-mechanical limitations of
the saline aquifer reservoirs, and the optimal cycling time given that transient pressure
gradients will exist around the injection and production wells™ are key questions

outside the scope of this study that should be addressed in the future.
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