Energy Proceedings

ISSN 2004-2965

Vol 64, 2026

Compressed CO; energy storage using high-temperature TES for isolated islands”

Yuemao Jiang %, Shunsen Wang **, Haotian Zhao 2, Bo Li 2

1 School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China

2 School of Vehicle and Energy, Yanshan University, Qinhuangdao 066004, China

(Corresponding Author: sswang@xjtu.edu.cn)

ABSTRACT

Isolated islands have a high potential for renewable
energy exploitation due to their unique geography.
However, the intermittency of these resources requires
energy storage systems to ensure a reliable power
supply. This study proposes an advanced compressed
CO, energy storage system integrating a high-
temperature thermal energy storage (TES) architecture
for isolated island applications. The system exploits
seawater static pressure and ocean thermal energy to
enable liquid CO;, isobaric storage, while employing
pressurized water and molten salt in a dual-loop TES
configuration. Thermodynamic design and performance
of the system are modelled under realistic assumptions
for all components. A parametric analysis is then
conducted to investigate the effects of key parameters
on the overall system performance. Results show that
the system can achieve a round-trip efficiency of 74.7%
and a storage density of 61.1 kWh/m?3, provided that an
appropriate seawater depth is available. This study offers
valuable insights for advancing CCES systems.
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NOMENCLATURE
Abbreviations
CCES Compressed CO; energy storage
PPTD Pinch point temperature difference
RTE Round-trip efficiency
TES Thermal energy storage
VED Volumetric energy density
Symbols
E Electricity [kWh]
h Specific enthalpy [J/kg]
m Mass flow rate [kg/s]
w Power [kW]
z Height [m]

1. INTRODUCTION

Remote islands face unstable, high-cost power
supplies due to their geographic isolation. Most islands
still depend on diesel generators, resulting in costly fuel
transport and significant CO, emissions. Submarine
power transmission is often uneconomical, particularly
for small and remote islands. Meanwhile, growing
energy demand further exacerbates the supply
challenge. Ensuring reliable and low-carbon electricity
has therefore become essential for sustainable island
development [1].

Islands possess abundant renewable resources such
as offshore wind and ocean energy, offering a promising
route toward energy self-sufficiency. However, the
variability of these resources challenges grid stability and
power quality in isolated island systems. Due to their
small grid capacity and low inertia, island grids are
susceptible to supply—demand imbalances [2]. To
mitigate this issue, energy storage technologies have
been deployed to smooth power fluctuations.

Electrochemical batteries are widely used for their
maturity and flexibility. However, their high capital cost,
limited lifetime, and safety concerns hinder long-
duration energy storage applications, underscoring the
need for alternative technologies suited to marine
environments [3]. Several offshore energy storage
concepts have been proposed, such as underwater
compressed air energy storage (CAES). CAES has been
recognized as one of the most promising large-scale
storage technologies owing to its scalability and long
cycle life [4]. In its underwater variant, air is stored in a
variable-volume vessel on the seabed, where the
surrounding hydrostatic pressure maintains constant
pressure. This design enhances both system efficiency
and volumetric utilization. Pilot projects in Canada have
demonstrated the feasibility of this concept. However,
due to the air’s low density relative to seawater, the
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storage vessel experiences strong buoyant forces, posing
significant challenges to subsea ballast stability [5].

Compressed CO; energy storage (CCES) has recently
emerged as a promising alternative to CAES. Depending
on the CO; storage states, various CCES configurations
have been proposed. For land-based applications, the
mainstream design employs high-pressure liquid and
low-pressure gaseous CO, storage, as demonstrated in a
2.5 MW pilot project in Italy and a 10 MW system in
China, offering high efficiency and cost-effectiveness [6].
For offshore deployment, based on the concept of
isobaric storage in brine aquifers, Xu et al. [7] proposed
an underwater supercritical CCES system. In their design,
the high- and low-pressure CO, reservoirs operate at
approximately 25 MPa and 7.5 MPa, corresponding to
seabed depths of approximately 2500 m and 750 m,
respectively. Such extreme pressures constrain site
selection and engineering feasibility.

In this study, an advanced isobaric CCES system that
integrates a high-temperature TES unit is proposed for
efficient energy storage on islands. A thermodynamic
model is developed to evaluate the system performance,
followed by an analysis of the performance under design
conditions and an investigation of key parameters. This
study provides insights for advancing CCES systems to
support energy transitions on islands.

2. SYSTEM DESCRIPTION

Fig.1 presents the schematic of the proposed system.
Within this system, high-pressure CO, is stored in a
subsea liquid bag, while low-pressure CO; is contained in
a gas bag floating on the nearshore sea surface. Both
storage bags are flexible, allowing their volumes to
change under constant pressure.

During charging, renewable electricity powers the
compressor, compressing the low-pressure CO, from the
gas bag to a high-temperature, high-pressure state. The
compressed CO; subsequently passes through the two
coolers, releasing heat to molten salt and pressurized
water, which are then stored in the hot salt tank and hot
water tank, respectively. The cooled CO; is then
transported via pipelines to the seabed, where its
potential energy decreases during descent while
exchanging heat with seawater. At the seabed, the CO,
undergoes further heat exchange with deep-sea cold
seawater in the condenser, where it experiences phase
change and is stored in the liquid bag. During the
discharge phase, the liquid CO, stored in the subsea
liquid bag is pressurized by the pump and delivered to
the evaporator, where it undergoes phase change by
exchanging heat with warm seawater from shallow

layers. The resulting gaseous CO; is transported upward
through pipelines to the sea surface, gaining potential
energy during ascent while exchanging heat with
seawater at various depths. After rising through the
pipeline, the CO; enters the recuperator to absorb heat
from the turbine exhaust CO; stream. Subsequently, it
passes through the two heaters to recover the thermal
energy stored in water and molten salt. The high-
temperature and pressure CO; expands in the turbine,
performing work that drives the generator to produce
electricity. Finally, the gas CO,, after heat release in the
recuperator, returns to the gas bag.
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Fig. 1. Schematic diagram of the proposed CCES system

3. METHODS

A thermodynamic model of the proposed system is
developed. Based on energy conservation, the steady-
state governing equations for each component are
formulated as follows:

0+ Trilh + %+ g2)in = W+ Tri(h + %+ g2)oue (1)

The input power during the charging process and
the output power during the discharging process are
expressed as:

Wch = (ZWCom + ZWPum)/r]Mot (2)
Wdc = (ZWTur - ZWPum)nGen 3
The total pump work includes both the working fluid

pump and the seawater pumps. The power consumption
of the seawater pump is calculated as:

H _ ThswAPsw
WPum,sw - (4)
PswPum,sw

where APs, is the pressure drop of the seawater loop.
According to the basic hydrostatic equation, the
hydrostatic pressure at a given seawater depth z is:

PSW=P0+psw'g'Z (5)

where psw is the density of seawater.



To account for both frictional resistance and change
in gravitational potential energy, the pressure change of
CO; in the subsea pipelines is given by:

AP = —pghAz + AP; (6)
The system’s round-trip efficiency (RTE) is defined as:
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(7

The volumetric energy density (VED) is defined as the
ratio of the total delivered electricity to the total volume
of the heat storage tanks:

t .
VED = fde_ — 5% Wacdt
XVHsT VHST

8)

4. RESULTS AND DISCUSSION

4.1 Design parameters and simulation results

The key design parameters of the proposed system
with a rated discharge power of 10 MW are determined
based on previous engineering experience, as listed in
Table 1. Under design conditions, the subsea liquid bag is
deployed at a depth of 500 m below sea level. The
pipeline inclination, corresponding to the coastal slope,
is assumed to be 45°. In addition to the PPTD (pinch point
temperature difference) of the evaporator, a terminal
temperature difference of 5 °C is specified at its hot end.

Table 1. Design parameters of the proposed system.

Parameter Value

Turbine efficiency 90%
Compressor/Pump efficiency 80%
Motor/generator efficiency 98%
PPTD of the cooler/heater 7.5°C
PPTD of the condenser/ evaporator 2.5°C

Charge/discharge duration 7/8 hours

Table 2. System performance calculation results.

Parameter Value
Cold seawater pump power 0.38 kW
Hot seawater pump power 1.55 kW
Round-trip efficiency 74.7%

Volumetric energy density 61.1 kWh/m3

A thermodynamic model of the proposed system is
developed in MATLAB, with properties of CO, and water
obtained from the REFPROP database. Solar salt is
selected as the molten salt for the high-temperature TES
unit. The performance of the proposed system under
design conditions is listed in Table 2. The results show
that the power consumption of the seawater pumps is
negligible compared to the system output power. The

system achieves an RTE of 74.7% and a VED of 61.1
kWh/m3, indicating a competitive overall performance.

4.2 System performance parametric analysis

The effects of key parameters on the system’s overall
performance are shown in Figs. 2 to 4. These parameters
include the compressor efficiency (nc), the coastal slope
(Sco), and the liquid bag storage depth (Dys).

Fig. 2 shows that the RTE increases monotonically
with nc, attaining its maximum as nc approaches the
design limit. From a sensitivity perspective, a 10-
percentage-point rise in nc results in a 3.6% increase in
RTE. In contrast, the VED decreases with increasing nc,
reaching a minimum of 58.0 kWh/m3. This behavior
occurs because higher nc converts more input power into
pressure potential energy, reducing the system’s total
electricity consumption and thereby enhancing RTE.
However, reducing the heat storage temperature lowers
the thermal energy stored per unit volume of molten
salt, necessitating larger storage tanks and thereby
reducing the system’s VED.
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Fig. 2. Effects of compressor efficiency on system
performance

Fig. 3 shows that the RTE increases with S.,, though
the growth rate gradually declines, resulting in a slight
total increase of less than 0.2%. At the same time, the
system’s VED gradually decreases, but the rate of
decrease slows, resulting in a total reduction of less than
0.4 kWh/m?3. These results indicate that the S, has a
minimal impact on the system’s overall performance. As
Seo increases, the lengths of the CO, subsea pipelines
(both descending and ascending) decrease, thereby
reducing frictional losses. As a result, the charging power
input is slightly decreased, while the discharging power
output is marginally increased, thereby improving the
RTE. On the other hand, as the pressure difference across
the pipeline inlet and outlet decreases, the TES
temperature declines, reducing its heat storage capacity.



74.80 61.3

——RTE
7475
o
—~ £
X <
o 74.70 13
s =
% a
L
>
74.65
74.60 ' ' - ' 60.9
25 35 45 55 65 75
SCO (o)

Fig. 3. Effects of coastal slope on system performance

Fig. 4 shows that as Dis increases, RTE decreases
slowly while VED increases. When the Dis reaches 530 m,
both RTE and VED decrease rapidly. The increasing Dis
raises the internal pressure of the liquid bag, requiring a
higher system pressure ratio. It raises the heat storage
temperature, reduces thermal exergy loss, and thus
improves the net RTE. However, the deeper the Dis, the
higher the evaporation temperature, which reduces the
internal temperature difference and raises pipeline
lengths. The higher seawater pumping power largely
offsets the gains in net RTE. Additionally, the elevated
TES temperature enhances the specific heat storage
capacity, thereby improving the VED. With a further
increase in D, the CO; degree of superheat in the
evaporator decreases, leading to condensation in the
riser. The resulting increase in CO; density sharply raises
the pressure drop along the pipeline, leading to a
significant decrease in both RTE and VED.
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Fig. 4. Effects of storage depth on system performance

5. CONCLUSIONS

This study proposes an advanced CO; energy storage
system concept, tailored for large-scale, long-duration
energy storage applications in island or coastal areas.

The system conceptually integrates a high-temperature
CCES system and an ocean thermal energy conversion
system. A system model is developed to characterize its
overall thermodynamic performance (i.e., RTE and VED).
Based on engineering project experience, the system’s
performance under typical conditions is investigated.
Finally, a sensitivity analysis is performed on system key
parameters. The main conclusions are as follows:

(1) The seawater pump power is almost negligible
compared to the system output power. Under design
conditions, the simulated RTE of the system is 74.7%, and
the system’s VED is 61.1 kWh/m3, indicating an attractive
thermodynamic performance.

(2) From a sensitivity viewpoint, a 10-percentage-
point increase in compressor efficiency raises the RTE by
3.6%. From an application perspective, the coastline
slope has only a minor influence on the system’s
thermodynamic performance. In contrast, the storage
depth of the subsea liquid bag should be carefully
considered and should not exceed 530 m.
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