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Carnot batteries (CB) have been developed as a prospective solution in the future energy scenario as
a large-scale electricity energy storage technology. In this study, the cold energy of liquefied natural
gas (LNQ) is integrated into CB system, which is working as heat sink in the integrated system.
Different working fluids with varied operating pressure are performed in charging and discharging
cycle separately. Additionally, the influence on system thermodynamic and economic performance
from key parameters is discussed and the design working conditions is determined. Upon analysis,
the integration of LNG cold energy and CB system enables a significant enhancement on overall
energy storage efficiency, as well as the economic benefits based on net present value (NPV) method.
According to the design case, R717 and R152a are selected as the optimal working fluids for charging
and discharging processes respectively. The system exhibits a overall efficiency of up to 165.8%
with the energy storage capacity of 520kW, and the system NPV reaches 2183$/kW with the yearly
LNG supply of 30380t. The findings in this paper offer a promising solution for LNG receiving
terminal that the total revenue could exceed three times higher than before by adding the energy
benefits.



SYMBOLS AND ABBREVIATIONS

Roman characters

A heat transfer area m?

C cost $

C. compressor cost $

C turbine cost $

Cux heat exchanger cost $
Coump pump cost $
Ciank water tank cost $

CF), yearly cash flow $/year
DC direct cost $

IC indirect cost $

E, yearly electricity revenue $/year
h specific enthalpy kJ/kg
i interest rate -

m mass flow rate kg/s
N system lifetime year
NPV net present value $

oM, annual operation and maintenance cost $/year
P pressure MPa
P. electricity price $/kWh
Pregasification LNG regasification service revenue $/Nm3
0 heat transfer rate kW

qING LNG regasification flow rate Nm?*h



R, yearly LNG regasification income $/year

T temperature °C
Tin turbine inlet temperature °C
TIC total initial investment cost $
U overall heat transfer coefficient W/(m?-K)
Viank tank volume m3
w power kW
Wei compressor power consumption kW
Wenarge power consumption during charging kW
Wischarge net power output during discharging kW
Wi pump power consumption in ORC branch kW
W pump power consumption in LNG branch kW
Wri turbine power output in ORC branch kW
W turbine power output in LNG direct expansion W
branch

Greek characters

AT temperature difference Kor°C
n efficiency -
Ng mechanical efficiency -
Nis isentropic efficiency -
np2p power-to-power efficiency -

Dimensionless quantities



COP
COPupc

ORC

Subscripts

c
charge
discharge
g

HX

in

is

LNG

net

out

Pl

P2

T1

T2

coefficient of performance
coefficient of performance of HPC unit

efficiency of ORC unit

compressor
charging process
discharging process
mechanical

heat exchanger

inlet

isentropic

liquefied natural gas
net value

outlet

pump in ORC branch
pump in LNG branch
turbine in ORC branch

turbine in LNG branch



Abbreviations

CB Carnot battery

COP coefficient of performance
HP heat pump

HPC heat pump cycle

HX heat exchanger

LNG liquefied natural gas

NG natural gas

NPV net present value

NIST National Institute of Standards and Technology
ORC organic Rankine cycle
pP2p power-to-power

Reference Fluid Thermodynamic and Transport
REFPROP ]
Properties Database

TIC total initial investment cost
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1. Introduction

In response to growing calls for environmental protection and decarbonization, large-scale
renewable energy systems have been widely deployed, increasingly replacing fossil-fuel
power plants (IRENA 2019). However, the spatial-temporal dependence of renewable
energy leads to the power supply-demand mismatch, which poses a great challenge to the
power grid (Arbabzadeh et al. 2019). To effectively balance power grid production-
consumption and enable a secure and stable operation, energy storage technologies has

emerged and proven to be dispensable in future energy scenarios (Liang et al. 2022).

Among various energy storage means, Carnot battery (CB), which offers advantages of low
cost (Smallbone et al. 2017), long lifespan (Sorknaes et al. 2023), independent from
geographical constraints (X. Zhang et al. 2023) and large storage capacity (M. Zhang et al.
2023), is regarded as a perspective solution for grid scale energy storage. Conventional CB
system includes a heat pump cycle, a thermal storage unit and a power cycle. The valley
electricity is consumed in heat pump cycle through compressor, and the peak electricity is
produced in power cycle through turbine. For different power cycle patterns, there are two
types of CB system that one based on Brayton cycle (Zhao et al. 2023) while the other based
on Rankine cycle (Weitzer et al. 2022). Brayton cycle CB system is more suitable for higher
heat storage temperature (>300°C) (Dumont et al. 2020), which could offer higher P2P

efficiency, while Rankine cycle shows more advantages under low heat storage temperature
in respect of heat loss (Zhang et al. 2023), material manufacture (Frate et al. 2017), high
energy density (Yu et al. 2023) and application potential. Therefore, Rankine cycle CB

system has attracted more attention (Li et al. 2024).

However, one of the key obstacles to the further engineering of Rankine-type CBs is the low
P2P efficiency at lower thermal storage temperatures. To address this issue, existing research
has focused on improving performance through system configuration optimization,
parameter matching, and the introduction of external heat sources. For example, improving
heat exchange and cascaded evaporation/condensation can reduce heat loss, or coupling

industrial waste heat/geothermal energy can reduce compression work and increase cycle
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output. (Ayadi et al. 2024; Eppinger et al. 2021; Jockenhéfer et al. 2018; Rindt et al. 2021;
Staub et al. 2018; Steger et al. 2020)

CB combined with liquid natural gas (LNG) cold energy utilization could be regarded as
another optimization method (Aghazadeh Dokandari et al., 2021; Ayadi et al., 2024;
Eppinger et al., 2021; Jockenhofer et al., 2018; Kanbur et al., 2017; Nasir et al., 2023; Rindt
etal., 2021; Staub et al., 2018; Steger et al., 2020). In the LNG-CB system, LNG is working
as the heat sink during discharging process, to condense the working fluid at lower
temperature and enable a natural gas regasification before supply to the network (He et al.
2020). Therefore, tons of cold energy could recover during LNG evaporation, leading to

improvements on system electricity output and P2P efficiency (Xiao et al. 2024).

Although existing literature has shown that LNG cold energy auxiliary systems have
advantages, under the conditions of "different working fluids + different operating
pressures”, the differences in working fluid properties, saturation temperature and latent heat
will significantly affect key processes such as throttling/condensation (Liu et al. 2017; Ma
et al. 2022; Miao et al. 2024; Qiao et al. 2023; Sun et al. 2020; Wu et al. 2024), thereby
changing the cycle performance. However, the existing literature failed to include the
influence of varied operating parameters when comparing the effects of different working
fluids on system performance. For instance, various throttling or condensing pressure has
crucial impact on cycle working performance, due to different operating pressure
corresponding to varied saturation temperature and latent heat. Consequently, in this thesis,
the LNG cold energy utilization CB system is modelled, the comparison of different working
fluid on heat pump cycle and ORC is re-organized under various working pressure. The
optimal fluids for the combined system are determined. The thermodynamic and economic

analyses are performed, and the superiority of the LNG cod energy assisted CB system is

highlighted.
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2. Theoretical Background

Carnot Batteries
(Power-to-Thermal-to Power)

/ Power to Thermal (P2T)\ / Storage (TES) \

Direct
Resistance

Thermal to Power (T2P)

Rankine Cycle

# Lo q Brayton Cycle

Thermochemical

Heat pump Cycle

Brayton Cycle

Others

Others

. N N /

Figure 1. Schematic diagram of the energy conversion and thermal energy storage process

of the Carnot battery (electric-thermal-electric)

The core idea of Carnot batteries is to use thermodynamic cycling to convert electrical
energy into storable heat/cold energy (or temperature difference) during off-peak hours and
then regenerate it through power cycling during peak hours, achieving peer-to-peer (P2P)

energy storage.

2.1. Basic Working Principle of Rankine-type Carnot Battery

Based on the above functional division, the typical thermodynamic processes of the heat
pump cycle and the organic Rankine cycle will be explained below using temperature
entropy diagrams, thereby clarifying the basic principle of the reversible conversion between

electrical energy and thermal energy in a Carnot battery.
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Figure 2. Schematic diagram of heat pump cycle T—s (Schmidt, 2019)

The core task of a Carnot battery during the charging phase is to use electrical work to drive
a thermodynamic cycle, raising the temperature of a low-temperature heat source to a higher
level and transferring this high-temperature heat to the thermal storage unit, thus converting
electrical energy into storable thermal energy. This process can be described using a heat
pump cycle, and its thermodynamic essence is equivalent to a reverse Rankine/reverse
Carnot vapor compression cycle: external work is applied to allow the working fluid to

absorb heat from the low-temperature side and release heat from the high-temperature side.
On a T—s diagram, the HPC cycle can typically be approximated by four ideal processes:

(1 — 2) Compression process: The working fluid is compressed from low-pressure vapor to

a high-pressure state, its temperature increases, and electrical work (or shaft work) is input
into the system. Ideally, this is close to isentropic compression; however, actual compression

results in irreversible losses leading to an increase in entropy.

(2 — 3) High-temperature side heat release process: The working fluid releases heat to the

external thermal storage system under high pressure, reaching a relatively high temperature
level, and often undergoes thermal cooling and condensation. This stage is the key process

in the charging phase of "transferring heat into the thermal storage medium." (3 — 4)

Throttling Expansion Process: The working fluid is reduced from high pressure to low
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pressure through a throttling valve, resulting in a temperature decrease. The process is

approximately isenthalpic, and entropy generally increases.

(4 — 1) Low-Temperature Heat Absorption Process: The working fluid absorbs heat from a
low-temperature heat source at low pressure and evaporates back to a vapor state, preparing
for the next compression.

Therefore, the HPC cycle achieves the following during the charging phase: electrical work
input — low-temperature heat absorption — high-temperature heat release — heat entering

the heat storage unit. When the heat storage medium is pressurized water, the high-

temperature heat release section (2 — 3) effectively transfers and stores the heat in the

temperature rise of the pressurized water system, thus forming the charging end of the Carnot

battery.

Superheated steam

Figure 3. Schematic diagram of the Organic Rankine Cycle T—s (Schmidt, 2019)

During the discharge phase, the core task of a Carnot battery is to extract high-temperature
heat from the thermal storage unit to drive a thermodynamic cycle, converting the stored
thermal energy back into electrical energy output. This process can be described by the
Organic Rankine Cycle (ORC), which is thermodynamically equivalent to the Direct
Rankine Cycle: the working fluid absorbs heat and evaporates before entering the expander
to perform work and output, then condenses and is pumped back to a high-pressure liquid

state.

On the T—s diagram, the ORC cycle can also be approximated by four ideal processes:
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(1 — 2) Pumping process: The working fluid, mainly in liquid state, is pumped from low

pressure to high pressure, with a slight temperature increase and typically small entropy

change.

(2 — 3) Heating process: The working fluid absorbs heat from the thermal storage system

in the evaporator, undergoing liquid heating, two-phase evaporation, and further
superheating, entering a high-temperature, high-pressure vapor state. This process is the key

step in the discharge phase of "extracting heat from the thermal storage system."

(3 — 4) Expansion and work process: The high-temperature vapor enters the expander to

perform work and output, with pressure and temperature decreasing. Ideally, this is near-

isentropic expansion, but irreversible losses occur, increasing entropy.

(4 — 1) Exothermic condensation process: The working fluid releases heat to the cold end,

condensing into a liquid, completing the closed loop.

Therefore, the ORC cycle achieves the following in the discharge phase: heat storage and

supply — expander output work — cold end heat release — working fluid returns to its

initial state. Corresponding to the HPC in the charging phase, ORC is the discharge phase
of the Carnot battery, converting the high-grade heat stored in the thermal storage into

usable electrical work output.

2.2.LNG cold energy utilization

When the LNG is regasified at the receiving terminal, it absorbs heat from the cryogenic
temperature, evaporates and heats up, developing considerable cryogenic energy. By using
this as the cold end of the ORC, the working fluid can condense at an even lower temperature:
1. Lowering the condensation temperature — increasing the temperature difference ratio of

the cycle — increasing the net output power of the ORC.

2. LNG, after regasification, is exported as natural gas which can create incomes by means

of provision of regasification services.

3. To recover cryogenic energy further, the system can incorporate a direct expansion branch:
natural gas absorbs heat (without pre-heating) before it expands in the turbine to produce

electricity; this mode produces additional power output.
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In thermodynamic terms, the injection of LNG cryogenic energy simply “lowers the cold
end temperature”, thereby raising the “available” energy from the power cycle. In addition,
structure (regenerator configuration; heats exchanging organisation) also affects

irreversibles, and so affects final P2P.

2.3. Key Technological Influencing Factors and Economic Evaluation Framework

for LNG Cold Energy Assisted CB Systems

In a Rankine Carnot battery coupled with LNG cold energy, the thermodynamic properties
of the working fluid directly determine the compression work demand, the reversibility of
the heat exchange process, and the output performance of the power cycle. Therefore, a
systematic preliminary selection and screening of candidate working fluids is necessary

before system analysis.

Firstly, based on existing literature on ORC and heat pump systems, and considering the
temperature levels for LNG cold energy utilization, this paper selects 17 candidate working
fluids from commonly used and potential application working fluids as an initial set. These
mainly include: R717, R744 (CO2), R134a, R1234yf, R1234ze(E), R152a, R245fa, R236¢a,
R32,R125,R143a, R404A, R407C, R410A, R290, R600a, and R1270. These working fluids
encompass both natural and synthetic working fluids, have a wide critical temperature range,
and are highly mature in application, capable of covering medium- and low-temperature

thermal storage as well as cryogenic cold-end conditions.

Based on the initial selection of working fluids, this paper further considers the system
operation characteristics under LNG cold energy conditions and selects the following aspects
for screening: Critical temperature and operating pressure range: The working fluid must
have feasible evaporation and compression conditions within the thermal storage
temperature range of approximately 100-200 °C, while still achieving effective
condensation or near-saturated heat exchange at the LNG cold end (on the order of =160 °C);
Low-temperature phase change and latent heat characteristics: Working fluids with
reasonable saturation pressure and large latent heat at —60 °C and below are preferred to
reduce irreversible condensation losses; Compression ratio and system matching: Avoiding
significant increases in compressor/pump power due to excessively low pressure or

transcritical operation; The net output power and P2P efficiency of commonly used working
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fluid CO: are relatively low, mainly due to its low critical temperature, which leads to a
larger heat exchange temperature difference and increased irreversible losses, thus
weakening the effective utilization of temperature differences in the cycle. Meanwhile, the
CO: cycle typically requires a high maximum operating pressure, and the compression work
on the high-pressure side increases rapidly with pressure, partially offsetting the expansion
work gain brought about by the reduction of cold-end temperature by LNG cold energy.
High operating pressure places higher demands on the pressure resistance of compressors,
heat exchangers, and pipelines, increasing equipment manufacturing and initial system
investment costs, further limiting the competitiveness of CO: in comprehensive

thermodynamic-economic evaluation.

Based on the above multi-indicator comparative analysis, this paper ultimately selected five
relatively superior working fluids from the initial candidate working fluids for subsequent
thermodynamic and economic performance comparison studies. The selected working fluids
exhibit significant differences in critical temperature, low-temperature phase change
capability, and system compatibility, effectively reflecting the impact of different physical
properties on the performance of the LNG cold energy-assisted Carnot battery system,

providing a foundation for subsequent "working fluid-operating pressure" coupling analysis.

Table 1. Selected working fluid and its critical temperature

Working fluid Critical temperature (°C)
R290 96.7
R152a 113.3
R32 78.1
R1270 91.0
R717 132.4

The thermal storage temperature affects both HPC power consumption and ORC output
power; an increased heat exchange temperature difference usually means greater irreversible
losses; changes in LNG-side pressure alter the balance between pump consumption and

expansion recoverable power. Through sensitivity analysis and design condition selection,
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this paper provides design guidelines such as "taking a thermal storage temperature of 150°C

and an LNG pump outlet pressure of approximately 17MPa," and points out that there is a
roughly optimal range for LNG pressure.

In addition to thermodynamic efficiency, this paper uses Net Present Value (NPV) to
evaluate the economic feasibility of the system throughout its entire lifespan, and
incorporates it as one of the screening criteria for optimal operating conditions: NPV consists
of the initial total investment and the discounted annual cash flows over the lifespan; the
sources of cash flows include electricity revenue generated from peak-valley arbitrage and
regasification service revenue, while expenditures include operation and maintenance and

insurance.

3. System description

The configuration of the proposed CB system is illustrated in Figure 4. The system is
organized by a heat pump cycle, a pressurized water thermal storage cycle, an organic

Rankine cycle and LNG gasification path.

Iﬁ 4.7 ﬁ . T2 i

Hot Tank
7 8 1 12 HX6

17
©n
.E HX3 HX4 HX5

6 5 V1 _ 4 3 16

D
P2
HX2 10 Cold Tank 9 H 13
O
working fluid #1 ——— working fluid #2 —— water —— natural gas

Figure 4. Schematic diagram of LNG cold energy-assisted CB system

The LNG-assisted Carnot Battery system proposed in this study mainly consists of a heat
pump subsystem, a thermal storage subsystem, an organic Rankine cycle subsystem, and an
LNG vaporization and expansion subsystem. The heat pump subsystem, including a

compressor, throttling valve, and heat exchanger, consumes electrical energy during
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charging to convert low-grade heat energy into high-grade heat energy. The thermal storage
subsystem uses pressurized water for thermal storage, storing the heat output from the heat
pump and providing heat to the ORC during the discharge phase. The ORC subsystem
mainly consists of a working fluid pump, evaporator, expander, and condenser, used to
convert the stored heat energy back into electrical energy during discharge. The LNG
subsystem utilizes the low-temperature cold energy from the LNG regasification process to
provide a cooling source for the ORC. Simultaneously, the natural gas expands further after

heating, increasing the system's output power.

During the charge process, the working fluid #1 is heated in atmospheric temperature heater
(HX1) after throttling (V1), electricity is consumed in compressor(C1), to establish a
temperature difference between two pressurized water tanks, a regenerator (HX2) is adopted

to enhance working performance.

While in the discharge process, the hot pressurized water and LNG are working as the heat
source and heat sink, the temperature difference between HX4 and HXS drives an ORC with
working fluid #2 for electricity production. Due to the cold energy released during
evaporation process, the cycle efficiency of ORC could be improved. Additionally, a direct
expansion path is added to the system to completely recover LNG cold energy, after heated
by working fluid #2, the NG further absorbs heat in second atmospheric temperature heater
(HX6) and expands in T2, thereby enabling the recycling of electricity.

The main contents of this paper are: building a thermodynamic model of an LNG cold energy
assisted Carnot battery system and analyzing the coupling relationships of the subsystems;
studying the direction of the working fluid and the energy conversion mechanism during
charging and discharging; comparing the influence of different working fluids and main
operating parameters on the performance of the system; and the cost of the system and obtain
the optimal operating scheme of the system through thermodynamic analysis and economic

evaluation.

Compared with the traditional Carnot battery, the biggest advantage of this system is the
coupling of LNG cold energy recovery with the Carnot battery, which makes the whole
energy storage system not only stores and recovers electrical energy well, but also well
utilized this part of low temperature energy in the process of regasification of LNG, which

is equivalent , it reduces the cold end temperature of the ORC and increases the circulating
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temperature difference of the whole system, which can improve the power generation
performance and can improve the efficiency result, at the same time the natural gas direct
expansion branch further deepens the cold energy utilization depth, which makes the system

have advantages in both thermodynamic performance except economics.

4. Modelling and method

The operation and modelling of the integrated system are based on the thermodynamic
principles and boundary conditions of each component. This paper divides the main formulas
into four parts according to function: HPC, pressurized water thermal storage, ORC
discharge branch, and LNG vaporization path. C1 belongs to HPC; T1 and P1 belong to
ORC; T2 and P2 belong to the LNG vaporization path.

4.1. Main Formulas

HPC: Compressor/Pump Isentropic Efficiency and HPC COP

For the turbine machinery in the system (including turbine, compressor, and pump), the
isentropic efficiency 7;s is used to describe its irreversible losses. The key work-performing
component in the HPC branch is the compressor C1. The isentropic efficiency calculation

formula for the compressor and pump is:

ris = et 0
Meanwhile, the COP of HPC is defined as:
hy—h
COPHPC = 7n(W2—Cl3) (2)

Pressurized water thermal energy storage: Energy exchange between the pressurized water
thermal energy storage unit and each cycle is mainly achieved through heat exchangers. This
paper assumes that the heat exchangers are arranged in counter-current flow and uses a
discretization method to calculate the total heat transfer: the heat exchanger is divided into

several sub-sections, and it is assumed that the heat transfer is equal in each sub-section and
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the working fluid properties remain constant. Then the total heat transfer is the sum of the

heat transfer in each sub-section, defined as:

Q = UAAT 3)
ORC Discharge Branch:

The main power-generating/power-consuming components in the ORC discharge branch are

turbine T1 and pump P1. The isentropic efficiency 7;¢ of the turbine is defined as:

Rin—hou
Mis = oM “4)

hin_hout,is

The subscripts out and in represent the parameters of the working fluid at the turbine outlet

and inlet, respectively.

Meanwhile, the nyrc of ORC is defined as:

_ Wrq
Morc = m(hyi1—hq4) (5)

The expression corresponding to the ORC branch is:

Wrqy = m(hyq — h12)77g (6)
Wp1 = m(hyy — h13)/77g (7

Where 1, represents the mechanical efficiency of each component.

LNG vaporization path: The system also includes an LNG vaporization path, corresponding
to turbine T2 and pump P2. The expression for this path is:

Wr, = m(hg — ho)ng (8)

Wp, = m(he — hs)/ng )

P2P Efficiency:

P2P efficiency, np,p, 1s a key evaluation metric for CB systems, defined as the ratio of net
output power during discharge to power consumption during charging. In this paper, P2P

efficiency is calculated as follows:

Widischarge _ Wr1+Wr2—Wp1—-Wpy (10)

nPZP Wcharge Wea
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4.2. Methods

In this work, commercial software ASPEN PLUS V10 is used for system modeling and
calculation, the analyze part is carried out based on MATLAB, which delivers instruction
and call response under different boundary conditions. The properties of working fluid are
referred from NIST REFPROP 10.0 database (Lemmon et al. 2018). Several assumptions

are made as follows, and further detailed information is listed in Table 2.

(1). The system operates under steady-state conditions with all thermodynamic properties

and flow parameters remaining constant (Choi et al. 2021).
(2). LNG is treated as pure methane (Cha et al. 2021; Sun et al. 2020).
(3). Pressure drops and heat losses in all pipelines are neglected (Wang et al. 2019).

Table 2. Previous assumption and working condition (Kim and No 2012; Scaccabarozzi et

al. 2016; Wang and Gu 2005)

Items Value
Mechanical efficiency (%) 98
Turbine isentropic efficiency (%) 89
Compressor isentropic efficiency (%) 85
Pump isentropic efficiency (%) 85
Pressure dropped in heat exchanger (%) 2
Environmental temperature (°C) 20

HPC evaporation temperature (°C) 10-30
HPC compressor outlet (°C) 160-230
HPC high-side outlet (°C) 50-70
Cold tank temperature (°C) 40

Hot tank temperature (°C) 150-200
ORC evaporation temperature (°C) 120-190
ORC condensing temperature (°C) —60 to —30
LNG inlet temperature (°C) -162

Heat exchanger terminal temperature difference (°C) 10-30
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4.3. Economic evaluation model

In this paper, the economic model Net present value (NPV) is introduced to describe the
techno-economic feasibility of the CB-LNG system. According to the cost-effective
characteristic evaluation, the key parameters influence is analyzed, and the maximum
revenue condition is determined. NPV is calculated as the sum of initial investment and

annual cash flow throughout the system lifetime, the mathematic formula is defined as:

CF,
NPV = —TIC + Xy-1 o755 (11)

Where TIC represents the initial total investment cost, N and i denote the system lifespan
and the interest rate, respectively. The TIC includes direct cost (DC) and indirect cost (IC),
which is determined based on equipment cost. The definition of each equipment cost is

expressed in Table 3 and items of TIC are listed in Table 4

Table 3. main components cost functions of the system (Abbaspour et al. 2021; Ghaebi et

al. 2011; Gorji-Bandpy et al. 2010; Guo et al. 2020; Prakash and Singh 2019; Zhou et al.

2008)
Items Functions
39.5-m (Pyys Pyt
Compressor C. = ( )ln( )
P ¢ 09— Nc Pin Pin
Turbine C, = 479.34 (—m ) “In ( Fin ) (1 + e0036T =504y
t ~7\0.93 — 1, Pout
Heat exchanger (carbon steel) Cyx = 2143 - A%514
Heat exchanger (titanium) Cyx = 2613 - A0731
0.71 0.2
pump Coump = 70548 - W,~"~ - |11+
1-— Mp

Water tank Ceank = 4042 - Vt%?lok6
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disch h
CF, = E,”“""9¢ —E*9° + R, — OM, (12)

As expressed in Eq(12), in the CB-LNG integrated system, the yearly cash flow consists of
electricity revenue (Ey), LNG regasification service income (Ry), and annual maintenance
cost (OMy). Where the electricity revenue comes from the disparity between peak and valley
electricity prices. Furthermore, the electricity revenue may fluctuate with varied operating
period during charging and discharging period, due to the alternating appearance of peak,

flat and valley period within 24 hours. The definition of Ey, Ry and OMy are listed as:

Ey =Wyet - P, - 2920 (13)
Ry = qLNG * Pregasification - 8760 (14)
OM, = maint, +ins, (15)

Where Pe and Pregasificaion denote to the price of sell or purchase electricity and LNG
regasification income. 2920 yearly operation hours is assumed for both charging and
discharging process, and the LNG regasification service is considered as operating all year
round. The annual maintenance cost including yearly maintenance and yearly insurance. All

the index mentioned above are listed in Table 4.

Table 4. Content and calculation method of TIC (Zhang and Sobhani. 2022)

Items Equations

Direct cost

Equipment cost 2Ci

Equipment installation 0.332C;
Piping 0.35%C;i
Electrical equipment and materials 0.13XC;
Land 0.05ZC;i
Civil, structural, and architectural work 0.21ZC;i
Service facilities 0.352C;

Indirect cost
Engineering and supervision 0.08-DC
Construction cost including contractor’s profit 0.15-DC

Contingencies 0.15-1.23-DC
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Table 5. Index assumption in economic model (Guo et al. 2020; He et al. 2021; Park et al.
2018; Wu et al. 2024)

Items Value

System lifespan (year) 20
Interest rate (%) 6
Peak electricity price ($/kWh) 0.1439
Flat electricity price($/kWh) 0.0836
Valley electricity price($/kWh) 0.0420
LNG regasification service revenue ($/Nm?) 0.028
Annual maintenance cost rate (%) 1.5
Annual insurance cost rate (%) 1

5. System analyses

To compare the thermodynamic performance of different working fluids in the charging and
discharging subsystems, the heat pump COP and ORC efficiency were analyzed under
different operating conditions. The corresponding results are presented in Figures 5-7.
Figure 5 shows the variation in heat pump COP with evaporation temperature at a fixed
condensing temperature of 50 °C, while Figure 6 presents the variation in heat pump COP

with condensing temperature at a fixed evaporation temperature of 20 °C.
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Figure 5. COP of heat pump system with evaporation temperature under different working

fluids

Figure 6 presents the variation in heat pump COP with condensing temperature at a fixed

evaporation temperature of 20 °C.
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Figure 6. COP of heat pump system with condensing temperature under different working

fluids
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Figure 7 illustrates the ORC efficiency under different condensing temperatures and working

fluids.

-62.50 -57.50 -52.50 -47.50 -42.50 -37.50 -32.50 -27.50

Condensation temperature

Figure 7. ne of ORC system with condensation temperature under different working fluids

Figure 5, Figure 6 and Figure 7 present HP and ORC units operating COP with different
working fluids. Five commonly selected working fluids were tested in the proposed system.
The COP of HP and ORC are calculated separately, and their performance is compared to
determine the optimal working fluid for HP and ORC, respectively. Considering that the
working fluids typically exhibit varied physical properties, such as saturation temperature,
density, and compression factor, the graph also includes the variation of COP contributed to

different working pressure.

In terms of HP, the COP increases with rising evaporation temperature, while it decreases as
the condensing temperature increases. This is because a higher evaporation temperature
raises the compressor suction pressure and reduces the pressure ratio, thereby lowering the
compression work. In contrast, a higher condensing temperature, which corresponds to a
higher condensing pressure in the condenser, increases the compressor discharge pressure
and power consumption. Due to the different thermophysical properties of the selected
working fluids, their HP performance shows clear variations under different operating

conditions. Among them, R717 exhibits the highest COP, followed by R32, R152a, R1270
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and R290. Therefore, R717 is identified as the optimal working fluid for the HP unit in the

proposed system.

In terms of ORC, the working fluid is condensed by LNG and then pumped to higher
pressure to recover thermal energy of pressurized hot water. Figure 6 demonstrates the 1. of
ORC with varied saturation temperature in different operating pressure. Lower saturation
temperature of working fluid could enable the condensation processing in lower temperature,
which could enlarge the cycle temperature ratio. Additionally, lower condensing pressure
could also reduce the compression work consumed in booster pump, although the expansion
work recovered by turbine correspondingly decreased at lower operating pressure, the net
work output improves at lower pressure value. Therefore, decrease the working fluid

operating pressure of ORC could notably increase working COP.

Among the selected working fluids, R152a performs the highest ORC ne of the proposed
system, reaches to 0.38 at the saturation temperature of -60°C, the following are R1270 and

R290, which exhibit the ne higher than 0.36. R717 shows the lowest 1. in this group, only
0.31 of ne is performed at the saturation temperature of -60°C. While on the HP unit, R717

presents the best working performance at higher compressor inlet pressure, which exceeds
4.5 of HP COP, followed by R32, R152a, R1270 and R290. Consequently, to maximize the
proposed system working performance, the optimal working fluids utilized in HP and ORC

are selected as R717 and R152a.

5.1. Sensitivity analyses

To evaluate the effects of key operating parameters on the thermodynamic performance of
the proposed system, the overall efficiency was analyzed as a function of hot water tank
temperature, heat exchanger temperature difference, and LNG pressure. The corresponding
results are presented in Figure 8, 9, 10. Figure 8 shows the influence of hot water tank
temperature, Figure 9 presents the effect of heat exchanger temperature difference, and

Figure 10 illustrates the effect of LNG pressure on system overall efficiency.
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Figure 8. Influence on overall efficiency according to hot tank temperature

Figure 8 illustrates the effect of hot tank temperature on the system overall efficiency. It can
be observed that, within the investigated temperature range, the overall efficiency decreases
continuously as the hot tank temperature increases. When the hot tank temperature rises from
150°C to 200°C, the corresponding overall efficiency drops from 162.78% to 131.01%. This
1s mainly because a higher hot tank temperature requires a higher compression ratio and
operating pressure in the HP unit, which significantly increases the compressor power
consumption. Although a higher thermal storage temperature is beneficial for improving the
heat source condition of the ORC unit, the additional power generated by ORC is not
sufficient to offset the increased energy consumption of the HP unit. Therefore, the overall
overall efficiency shows a downward trend with increasing hot tank temperature. Based on
this result, 150°C is selected as the optimal designed hot tank operating temperature for the

proposed system.
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Figure 9. Influence on overall efficiency according to temperature difference

Figure 9. depicts the impact of heat exchanger temperature difference to the overall
efficiency. When the temperature difference rises from 10°C to 30°C, the overall efficiency
drops sharply from 131% to 113%. Nearly 0.7% of efficiency drops with 1°C of temperature
difference increases. The temperature difference between hot and cold fluids during the
operation of heat exchangers typically serves as an indicator of a heat exchanger's heat
transfer performance. More exergy loss happens when the temperature difference increases
in heat exchanger, due to the heat transfer process from a high temperature fluid to a low
temperature fluid is an irreversible process which leads to entropy increases. Additionally,
the temperature difference increase also leads to a decrease of the turbine inlet temperature
in ORC unit, which causes less power output from T1. Therefore, by optimizing the structure
of the heat exchanger, a superior heat transfer performance is enabled, which could minimize
the heat transfer losses and improve the energy efficiency of the system. However, heat
exchangers with better heat transfer performance usually possess a larger heat transfer area,
which increases the manufacturing cost, hence, the balance of economic and thermodynamic
characteristics should be considered during system construction. The detailed profit analysis

of the system will be further discussed in the following section.
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Figure 10. Influence on overall efficiency according to LNG pressure

As illustrate in Figure 10. When the LNG pressure increases, the overall efficiency of the
system demonstrates an upward trend, the degree of improvement in overall efficiency
gradually diminishes with the increment of pressure. The increasing LNG pressure from 10
MPa to 24 MPa results in a overall efficiency improvement from 109.57% to 125.66%. The
increase of LNG pressure leads to a significant rise in the initial enthalpy of the working
fluid after evaporation, hence the enthalpy drop during the expansion process increases and
more expansion power could be recycled in turbine T2, which dramatically improves system
overall efficiency. However, the impact of LNG pressure on overall efficiency becomes
almost negligible as the pressure beyond 20 MPa. The reason contributes to this phenomenon
is that with the pressure of LNG increase, the compressibility of the LNG decreases
gradually, which leads to the increasing difficulty of pumping. Consequently, when the LNG
pressure approaches 20 MPa, the power consumption of the pump increases significantly.
Under such circumstances, it becomes unfeasible to acquire additional power output from
the expander by increasing the pressure any further. Hence it could be concluded that the
optimal LNG working pressure is between 16 and 20 MPa, the maximum power could be

recovered, and the optimal overall efficiency is achieved within this rang.

5.2. Economic performance evaluation

To evaluate the influence of key operating parameters on the economic performance of the

proposed system, the net present value was analyzed as a function of hot water tank
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temperature, heat exchanger temperature difference, and LNG pressure. The corresponding
results are presented in Figure below. Figure 11 shows the effect of hot water tank
temperature, Figure 12 presents the influence of heat exchanger temperature difference, and

Figure 13 illustrates the effect of LNG pressure on the system net present value.
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Figure 11. Influence on NPV according to hot tank temperature

As shown in Figure 11, the influence of the heat storage temperature on economic benefits
to the system shows a opposite trend compared with the influence on the thermodynamics
performance. Increasing the hot tank temperature leads to a higher net present value,
although the system performs a lower thermodynamic efficiency at higher thermal storage
temperature, system exhibits extra power output at higher working temperature, which
results in a higher electricity revenue. The higher working temperature also requires more
cold energy supply to guarantee the condensation process in HXS, which also leads to more
regasification income with the increasing LNG supply flow. However, higher thermal
storage temperature brings the challenge of turbo machinery and heat exchanger
manufacturing, in terms of materials temperature resistance, result in the total equipment
cost increases gradually. Therefore, the additional benefits brought about by increasing the

hot tank temperature gradually decrease, the NPV start to converge at the temperature of

200°C.
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Figure 12. Influence on NPV according to temperature difference

As shown in Figure 12, the impact of heat exchanger temperature difference to the system
thermal and economic characteristic also presents a contrasting trend, the net present value
keeps rising with the temperature difference gradually increases. Lager temperature
difference could reduce the metallic materials consumed in the manufacturing of the heat
exchanger, due to the designed heat transfer area has a decisive influence on the heat transfer
temperature difference during the operation of the heat exchanger. Hence the heat exchanger
investment cost could be reduced. On the other hand, the net power output does not exhibit
obvious change with varied heat exchanger temperature difference, due to the variation of
heat transfer temperature difference has limited impact on the overall heat transfer amount
in heat exchanger. However, larger temperature difference also raises the irreversibility of
heat exchange process, the improvement of economic benefits is not caused by the

advancement of the system design, but from the reduction of system investment.
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The increase in the LNG pressure means that a larger pressure ratio needs to be designed for
the boost pump P2 and turbine T2, resulting in an additional investment cost of the
equipment in Figure 13. However, the increased investment could be covered by energy
storage benefits brought about by increasing LNG pressure. As shown in Figure 13, when
the LNG pressure rises from 10 to 17 MPa, the system net present value experiences an
obviously growth. Nevertheless, once the pressure surpasses 17 MPa, it is difficult to acquire
additional power output by increasing LNG pressure, which has been verified in Figure 13.
Furthermore, the equipment cost is continue rising. Hence, the further increase of LNG
pressure causes the overall NPV to exhibit a downward trend, and the turning point of the

system revenue occurs earlier than that of the system thermodynamic efficiency.

5.3. Case results

Herein, the designed case of the system is determined according to the conducted

thermodynamic and economic analyses. The thermal storage temperature of 150°C and the
heat exchanger temperature difference of 10°C are selected to achieve the high thermal

storage efficiency, the LNG boost pump working pressure is determined as 17MPa to
maximize the system operating income. The state point parameters are listed in Table 6. The

condensing temperature in ORC is determined as -31.96°C, to minimize the heat transfer

irreversible loss during condensing process. The working pressure ranges from 0.61MPa to
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2.12MPa for HP unit and 0.08MPa to 4.75MPa for ORC unit. The designed case exhibits an
excellent energy storage efficiency of 165.8% with the energy storage capacity of 520kW
and yearly LNG regasification of 30380t. The system NPV reaches 2183$/kW during the
system lifespan, and the composition of income is plotted in Figure 14. The mainly revenue
comes from energy storage benefits, which take place the proportion of 72.4%, while the
rest revenue depends on LNG regasification service. Based on the system revenue diagram,
it could be concluded that the LNG regasification terminal can significantly increase its

economic benefits by constructing a Carnot battery energy storage system.

I Energy storage benefits

I Regasification benefits

72.4%

Figure 14. Revenue composition of the designed system

Table 6. Results of state point in designed system

State Point n/ (kg's™) p/ (MPa) T/ (°C)
1 1.26 0.61 40.00
2 1.26 2.12 160.06
3 1.26 2.07 50.04
4 1.26 2.03 41.82

5 1.26 0.62 10.53

6 1.26 0.62 20.00

7 3.40 1.57 150.00
8 3.40 1.60 150.00
9 3.40 1.57 40.00
10 3.40 1.60 40.00
11 3.86 4.75 140.00
12 3.86 0.09 -27.96
13 3.86 0.08 -31.96
14 3.86 4.79 -30.25
15 2.89 0.10 -162.00
16 2.89 17.00 -154.58

—_
-

2.89 16.66 -37.96
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18 2.89 16.66 20.00
19 2.89 6.00 -44.74

6. Conclusions

In this thesis, an efficient Carnot battery system assisted by LNG cold energy is
demonstrated. The optimal working fluid for HPC and ORC are selected by comparison.
Meanwhile, the thermodynamic and economic performance are evaluated under different
working conditions, and the design case is determined based on analyses results. Main

conclusions are summarized as follows:

Five selected working fluids, working at different pressures, are compared. Operating
pressure influences the cycle performance significantly. For the heat pump cycle, R717 gives
the best performance, obtaining a COP above 4.5 at higher compressor inlet pressure. For
the ORC unit, R152a is the most efficient, which, at a saturation temperature of -60 °C, at
least reaches to 0.38, while R1270 and R290 maintain over 0.36 and R717 only arrives to
0.31. Thus, R717 and R152a are established as suitable working fluids for two cycles.

The thermodynamic sensitivity analysis of three parameters further highlights the impact of
the working conditions on the energy storage performance of the system. For every
increment of 50 °C in the temperature of the hot tank, the RT efficiency is reduced from
162.78 % for 150 °C to 131.01 % at 200 °C. For every increased degree of heating of the
fluid causing a 20 % rise in temperature difference of 10 °C to 30 °C gives a drop in RT
efficiency from 131% to 113%. For every additional MPa upward, is obtained from the LNG
supply pressure from 10Mpa to 24 Mpa, the RT efficiency is improved from 109.57% to
125.66%, the value ceases on a scale of 20Mpa. The results indicate that decreasing the
temperature difference in the heat-exchanger and a suitably increasing the LNG supply
pressure might be expected to effect an improvement in the energy storage efficiency of the

system.

The economic performance of the integrated CB system is evaluated using the Net Present
Value method. The results show that the designed case, with a hot tank temperature of 150 °C,
a heat exchanger temperature difference of 10 °C, and an LNG pressure of 17 MPa, achieves

a overall efficiency of 165.8%, an energy storage capacity of 520 kW, and an NPV of 2183
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$/kW. In addition, 72.4% of the total revenue comes from energy storage benefits, while the
remaining income is provided by LNG regasification services. The NPV increases with hot
tank temperature and heat exchanger temperature difference, and it rises significantly as
LNG pressure increases from 10 MPa to 17 MPa but declines when the pressure is further

increased because the additional equipment cost outweighs the limited gain in power output.

According to the comprehensive investigation, the design case is carried out with optimal
working performance, the assistance of LNG cold energy brings a remarkable advantage on
energy and economic aspect. The system exhibits the energy storage efficiency as high as
165.8% and NPV of 2183 $/kW. The LNG receiving terminal can significantly increase its
revenue by introducing CB system, the total income can exceed 3 times than signal LNG

receiving terminal by adding energy storage benefits.

The limitation of this paper is that it does not consider the actual application range of the
devices; for example, it is difficult to find turbines that meet the actual operating conditions.

Future research will incorporate actual devices.
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