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This work introduces a novel energy system that combines the supercritical CO2 (sCOz2) cycle with Pumped
Thermal Energy Storage (PTES). This integration enhances efficiency, clean energy consumption, and storage
capacity, effectively managing peak loads. While it uses extra electricity during off-peak hours for energy
storage, it significantly boosts output during peak demand. The system offers flexibility with a load range of
92.49-103.59 % and a round-trip efficiency of 42.61 %. Parametric analysis indicates a trade-off between
efficiency and power change rate, necessitating customization based on user needs.

1. Introduction

In recent years, the escalating energy demand, coupled with significant fossil fuel consumption and severe
environmental repercussions, has posed one of the world's foremost challenges (Hoegh-Guldberg et al., 2019).
Consensus has been reached on the crucial roles of widespread clean energy adoption and the development
of efficient, low-to-zero carbon energy conversion systems in mitigating this crisis (Fankhauser et al., 2022). To
achieve this goal, two primary strategies are generally employed: enhancing the efficiency of primary energy
use and actively pursuing the development of new energy sources.

In terms of enhancing energy utilization efficiency, exploring new and efficient energy conversion technologies
is a crucial step. Supercritical carbon dioxide (sCO2) cycles have become a focal point in advanced energy
conversion technologies due to their high efficiency and compact design (Guo et al., 2022). Feher (1968)
proposed a notable seminal proposal of the sCO2 Brayton cycle, which has offered critical insights for power
system applications. To further enhance the efficiency of the sCO2 cycle, Pérez-Pichel et al. (2012) explored
the efficacy of integrated sCO2/Organic Rankine cycle (ORC) systems, analyzing the placement of the ORC
subsystem at four distinct locations. Tang et al. (2023) employed three types of Organic Flash Cycle (OFC)
systems to integrate the combined sCO2/OFCs systems, where detailed thermodynamic and exergoeconomic
performance analyses were performed.

Other than enhancing energy utilization efficiency, renewable energy is another way to combat climate change.
However, the inherently intermittent nature of primary renewable energy sources presents significant challenges
for their integration into existing energy systems. Pumped Thermal Energy Storage (PTES) systems offer a
novel approach to storing energy by using electricity to drive a heat pump that moves heat from a cold to a hot
thermal reservoir (Benato and Stoppato, 2018). During periods of excess electricity generation, energy is stored
thermally by a heat pump. When electricity is needed, the stored heat is converted back to electrical energy via
a heat engine. To improve the system performance of PTES, researchers explored the incorporation of waste
heat or low-grade heat sources with heat pumps during the charging process. This approach has led to the
development of what is termed "thermally integrated PTES" (TI-PTES) (Frate et al., 2017). Hu et al. (2021)
analyzed the TI-PTES system performance from the thermodynamic and economic viewpoints. They suggested
that the integration of an additional low-grade heat source can increase the coefficient of performance (COP) of
the heat pump and significantly improve the storage efficiency. Wang et al. (2022) compared two different Tl-
PTES systems driven by geothermal water, one using the organic flash cycle (OFC-TIPTES) and the other one
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using the organic Rankine cycle (ORC-TIPTES). The ORC-TIPTES shows better performance of that than the
OFC-TIPTES. Recently, Miao et al. (2024) developed an effective TI-PTES system, which integrated the LNG
cold energy into the ORC system. They reported that compared to the basic TI-PTES system, the proposed
LNG-TIPTES can improve the round-trip efficiency by 2.3 to 4.5 times higher.

Integrating renewable energy into the grid introduces challenges to the flexibility of electrical power systems,
especially when the sCO2 cycle operates under partial or overload conditions. These conditions lead to
mismatches in electricity demand and significant energy losses. To address these issues, integrating energy
storage like TI-PTES becomes crucial. This integration helps buffer the variability of renewable energy sources,
supports broader adoption, improves load management capabilities, and aligns with sustainable energy goals.
Therefore, this paper proposes a combined sCO:2 cycle and TI-PTES system, utilizing low-grade waste heat
from the sCO:2 cycle to power the TI-PTES heat pump. This approach offers high efficiency, enhanced clean
energy utilization, and better peak load management. In the integrated system, surplus electricity can be
consumed by the Heat pump of PTES to generate heat energy during the off-peak period, which is used to drive
the heat engine of PTES during the peak period. It enables the sCO2 cycle to be operated flexibly in a wider
range of power generation regulation capacities.

2. System description and model
2.1 System description

Figure 1 shows the diagram of the proposed sCO2-TIPTES system. In the sCO2 cycle, COz2 is compressed by
the main compressor (MC) to state point 2, then heated by the Low-Temperature Recuperator (LTR) to state
point 3a. It mixes with high-pressure CO2 from the re-compressor (RC) at state point 3b, resulting in state point
3. This COz is further heated in the High-Temperature Recuperator (HTR) and by a heat source to state point
5, before powering the sCOz2 turbine connected to a generator. The turbine exhaust cools in the HTR and LTR,
reaching state point 8 (80 - 150°C), and splits into two streams: one heats the TI-PTES system and cools to
state point 1, while the other is recompressed to state point 3b.

The TI-PTES comprises two subsystems: the heat pump (HP) and the Organic Rankine cycle (ORC), functioning
during the charging and discharging phases,. During the valley period, the HP subsystem captures waste heat
from the sCO: cycle, converting excess electrical energy into thermal energy. The steam is compressed and
cooled in the condenser to a saturated liquid, then cycled back after expansion. During the peak period, the
ORC subsystem's steam expands in the turbine, generating electricity, then cools and cycles back, absorbing
heat from the hot tank and completing the process. In short, the sCO2 operates all the time regardless of the off-
peak/peak time. The sCOz cycle could run alone, at this time valve 1 (V1) is closed and valve 2 (V2) is open.

T
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_ Water Heater

1(b) TI-PTES
} Charging HP-V ORC-P Discharging
L(Valley period) (Peak period)

Figure 1: The layout of the integrated sCO2-TIPTES system.

2.2 System model
2.2.1 Mathematical model

The following appropriate assumptions are adopted to simplify the simulation (Li and Wang, 2019; Wu et al.,
2020):
(1) The analysis of system performance is analyzed under the assumption of steady-state operation.
(2) Itis assumed that all tanks are well-insulated, with negligible pressure, temperature, and heat losses.
(3) Itis presumed that there are no pressure drops or heat losses in the heat exchangers and pipelines.
(4) The throttle valve is an isenthalpic process.



15

(5) The pinch point temperature difference (PPTD=10 °C) model is adopted for the HTR and LTR.
For the proposed sCO2/TI-PTES systems, the thermodynamic models can be developed based on the law of
energy and mass conservation,

Zminzzmout (1)
%0 — IW = X (mh),,-X(ih), (2

where 1, Q and W denote the mass flow rate, heat transfer rate and work in each component. h is the specific
enthalpy. Table 1 lists the detailed energy balance relations for the sSCO2/TI-PTES system.

Table 1 Energy and exergy destruction relations for the sCO2/TI-PTES system.

Component Energy balance relations [Component Energy balance relations
Heater Qheater = mcoz (hy — hs) HP-EVA QHP—EVA = ‘m'coz(1 — x)(hga — ho)
= 1Moy (Roz — ho1)
Turbine Wiy = Mo, (hs — he) HP-C Wipp.c = 1i9 (o3 — ho)
HTR QHTR = mc02 (hy —h3) = mc02 (he — h7) HP-CON QHP-CON = 1g3(hos — hos) = Mos(hog — Ros)
LTR Qur = mcoz(l —x)(h3 —hy) = mcoz(h7 —hg) HP-V ho1 = ho4
MC WMC = mcoz(l = x)(hy — hy) ORC-EVA QORC—EVA = 1y (ho7 — hog)
= 1hg12(hoo — ho12)

RC I/i/RC = mcozx(h3b — hgp) ORC-T WORC-T = 1hgg(hoo — ho10)
Pre-cooler Qpc = mcoz(l —x)(hg — hy) = mhcs(hyy — hyo) ORC-CON QORC-CON = 1g10(Ro10 — Ro11)

ORC-P WORC-P = 1911 (Ro12 — Ro11)

2.2.2 System Performance Criteria

For the proposed system, the round-trip efficiency (RTE) of the overall system can defined as follows,
tchar i i i i tdischar i H i i i

(Wr—Wpnc—Wgre—Wyp.c) dt+ (W1—Wpyc—Wgrc+W T—W( p) dt

RTE= J‘O T MC RC :IF;IC : fo S T' MC RC ORC-T ORC-P
foc T Qheaterdt+ fo 1SERAT Qneaterdt

where tchar and taischar refer to the time of charging and discharging.
In addition, to evaluate the peak shaving capability of the TI-PTES to the sCO2 power generation system, the
power change rate (PCR) is selected and can be expressed as follows (Lu et al., 2024),
PCR= (Whet,sC02 +Whet,0RC-T) ~(Whet sco, ~WHp-c) x 100% (4)

x 100% (3

Wnet,scoz

3. Results and discussion
3.1 Basic case analysis

This section displays the system performance under the basic design conditions. The thermophysical properties
of the working fluids are obtained from REFPROP (Lemmon et al., 2018). And simulations are conducted in
MATLAB software. Noted that as a promising fluid for PTES, R1233zd(E) is used as the working fluid (Miao et
al., 2024; Wang et al., 2023). The basic operating conditions of the proposed system are listed in Table 2.

Table 2. The basic input values for simulation (Miao et al., 2024; Wang et al., 2022; Wang and Dai, 2016).

Subsystem  Parameters Value Subsystem Parameters Value

sCO; cycle Ambient temperature /°C 25 TI-PTES  Hot tank temperature /°C 120
Ambient pressure /kPa 101.325 cold tank temperature /°C 60
Main compressor inlet pressure /MPa 7.4 Evaporation temperature of HP /°C 80
Turbine inlet pressure /MPa 25 Pinch point of heat exchanger /°C 5
Main compressor inlet temperature /°C 32 Superheat degree of evaporator /°C 4
Heat source temperature /°C 800 Compressor efficiency /% 80
Turbine inlet temperature /°C 550 Pump isentropic efficiency /% 70
Turbine isentropic efficiency /% 90 Turbine isentropic efficiency /% 80
Compressor isentropic efficiency /% 85 Storage time /h 6
Flow split ratio (x) 0.3 Working fluid R1233zd(E)
Rated power (MW) 50

Table 3 compares the thermodynamic performance of the sCO2/TI-PTES system with a standalone sCO2
system. During off-peak hours, the sCO2 cycle operates normally while the TI-PTES heat pump converts sCO2
waste heat into high-temperature energy stored in pressurized water. This process consumes an extra 3.75 MW
of electricity, lowering the system's output and reducing electrical efficiency to 40.20 % during charging, a
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decrease of 3.26 % from the standalone system. In peak periods, the sCO2 system functions typically, but the
TI-PTES system uses stored heat to power the ORC subsystem, producing an extra 1.79 MW of electricity. This
increases the discharging phase efficiency to 45.02 %, 1.56 % higher than the standalone system. Overall, the
round-trip efficiency is 42.61 %, with the sCO2/TI-PTES system offering better flexibility, a PCR of 11.09 %, and
a load range of 92.49 %-103.59 %.

Table 3. System performance comparison between the proposed system and stand-alone sCO2 system.

Parameters Valley period Peak period
sCO2/TI-PTES sCO:2 sCO2/TI-PTES sCO:2

Power generation by sCO2 cycle (MW) 50 50 50 50

Storage power of TI-PTES (MW) 3.75 / 1.79 /

Net power output of the overall system (MW) 46.25 50 51.79 50

System power efficiency (%) 40.20 43.46 45.02 43.46

3.2 Parameter analysis

In the parameter analysis, four decision-making parameters have been chosen: split ratio of sCOz cycle, the
evaporation temperature of HP and the temperature of hot and cold tanks. The first parameter significantly
influences the sCOz2 cycle system performance, while the remaining three parameters are crucial for the power
storage capacity of PTES system. During the parametric analysis of each parameter, the other parameters
remain the same as the basic conditions.

3.2.1 Effect of split ratio of sCOzcycle

Figure 2 illustrates the impact of the split ratio in the sCO:2 cycle on system performance. It is observed that
there is an optimal split ratio (x=0.29) at which the RTE is maximized, while the PCR reaches its minimum
value. This phenomenon occurs because, as the split ratio increases, the heat available to the TI-PTES system
from the sCOz cycle initially decreases before increasing, mirroring the trend in power consumption and output
during the charging and discharging processes of the PTES system, as shown in Figure 2(a).

When x is below 0.29, the rate of decrease in power consumption by the heat pump cycle’s compressor is
significantly greater than the net power output of the ORC cycle, leading to an upward trend in system efficiency.
Conversely, when the split ratio exceeds 0.29, the power consumption by the compressor substantially
increases at a rate greater than the net power output by the ORC, causing a decline in efficiency. The PCR
value directly depends on the PTES system's power input during charging and output during discharging.
Consequently, PCR exhibits a trend similar to that of the corresponding power changes.
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Figure 2: Effect of the split ratio of sSCO2 cycle on system performance.

3.2.2 Effect of evaporation temperature of HP

Figure 3 demonstrates the impact of the HP evaporator temperature on system performance. It is observed that
as the evaporator temperature increases, the RTE and PCR exhibit opposite trends: RTE increases with rising
temperature, while PCR does the opposite. The reason for these trends is that an increase in evaporator
temperature implies a reduction in the heat input to the TI-PTES system, which leads to a decrease in the flow
rate of the TI-PTES subsystem. Consequently, this results in a reduction in both the power consumption of the
heat pump's compressor and the power output of the ORC system. This reduction in power consumption and
output naturally leads to a decrease in PCR. Regarding RTE, the rate of decrease in compressor power
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consumption is significantly greater than the rate of decrease in the net output rate of the ORC system.
Therefore, RTE exhibits an increasing trend.
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Figure 3: The effect of evaporation temperature of HP on system performance.

3.2.3 Effect of the temperature of hot and cold tanks

Figure 4 illustrates the comprehensive impact of the cold and hot storage tank temperatures of the TI-PTES
system on system performance. It is observed from Figures 4(a) and (b) that RTE and PCR exhibit opposing
trends as well. When RTE is high, the corresponding PCR is low, and the reasons are similar to those described
for the previous parameters. Concerning individual parameters, it is noted that a higher cold tank temperature
is beneficial for both the system's RTE and PCR. In terms of the hot tank temperature, it is evident that under a
fixed cold tank temperature, a lower hot tank temperature contributes to achieving a higher RTE. Conversely,

to attain a higher PCR, a higher hot tank temperature is required.

(a) RTE (%) PCR (%)
N 41.10 51.90

12038 2093 3258 34.34 322 323 40.41 4287

2008 3052 3226 5401 355 3767 4009 4253

39.91 45.32

@

2675 3029 3192 5365 3551 3750 3974 4218

f
€
k4

2841209 3155 3326 35.13 3713 393 417

38.72

B

12955 31.16 3288 34.71 36,74 3995 4137 38.74

2938 3078 3245 34.27 330 3851 4091

s g g
8

&

37.52 32.16

&
5

2979 31.47 3391 3532 37.49 3986 8247}

Cold tank temperature (°C)

&

—

<
2
2
s
]

o
£
£
~
=
8
=}
o
o

IS

2025 3052 32.76 3475 35,9 3925 4183}
36.33 2558

12866 3032 2.5 34.11 3024 3857 4122

35.14 19.00

Figure 4: The effect of evaporation temperature of HP on system performance

4. Conclusions

The integration of TI-PTES with the sCOz system presents a promising approach to developing more efficient
energy systems. The combined sCO2/TI-PTES system enhances discharging efficiency by up to 45.02 %,
provides greater system flexibility, and supports a broader load range (92.49 %-103.59 %). These features
showcase its potential to bolster grid stability and facilitate the integration of renewable energy sources. Notably,
the system achieves maximum RTE at a split ratio of 0.29, although at this point, the PCR is at its minimum
value. Additionally, variations in evaporation temperature and the temperatures of the hot and cold storage tanks
impact both RTE and PCR, underscoring the need for careful system design to optimize overall performance.
By addressing these factors, this work highlights the importance of the combined sCO- and TI-PTES system in
enhancing clean energy utilization, improving peak load management, and supporting the broader adoption of
renewable energy sources.

Despite the advantages, the proposed system has some weaknesses that must be considered. The complexity
of integrating the sCO2 and TI-PTES systems requires meticulous system design and optimization, particularly
concerning the split ratio, to effectively balance efficiency and power conversion. Initial investment costs for
such an integrated system can be substantial, posing a barrier to widespread adoption.

Nomenclature

0 — dead (ambient) state RTE — round-trip efficiency, %
Q — heat transfer rate, MW PTES — pumped thermal energy storage
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PCR — power change rate, % W — power/work, MW
P — pressure, MPa x — split ratio
v —valve

s — entropy, kJ/(kg "K)

T — temperature, °C n — efficiency, %

sCO2 — supercritical carbon dioxide
1,2,etc — state points
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