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ABSTRACT 
 

Carnot batteries are getting more attention rapidly, as a potential energy storage technology coupled 

with variable renewable energy. Trans-critical heat pumps (THP)/Rankine cycles (TRC) using a natural 

fluid CO2 perform well with a sensible hot storage of a large temperature spread, and their capital cost 

can be further reduced in a reversible configuration. This study proposes a reversible THP/TRC based 

on a reversible scroll machine with hot storage but without cold storage for a small-scale family farm, 

using the ambient air as the secondary fluid of the evaporator/condenser in THP/TRC, respectively. The 

study assesses the feasibility of a recuperator in the reversible THP/TRC under optimal and limited 

operation ranges, taking into account the maximum pressure and temperature of the scroll machine. In 

optimal operation, the recuperator improves the power-to-power efficiency (P2P) up to 28 % 

(recuperator efficiency is 0.75) and reduces the optimal high pressure of both THP/TRC. In the limited 

operation, P2P is improved by a perfect recuperator up to 57 %, and this value decreases with 

recuperator efficiency from 1 to 0.25. The extension of the highest scroll pressure contributes to a higher 

possible hot storage temperature and less affected conditions for basic THP/TRC without a recuperator. 

The affected conditions in the recuperated THP/TRC are reduced by the higher temperature that the 

scroll machine can withstand. This work introduces operation boundaries of a reversible scroll machine 

as constraints in a reversible CO2 Carnot battery, supplying some reference for its practical system 

design and operation conditions. 

 

1 INTRODUCTION 
 

With the rapid surge of variable renewable energy (VRE), energy storage becomes more and more 

crucial, compensating for the VRE’s intermittent nature (Caralis et al., 2019). Among various energy 

storage technologies, pumped thermal energy storage (Carnot battery), where electric energy is stored 

as thermal energy and later recovered during discharge (Dumont et al., 2020), outstands due to its 

flexible capacity, long lifetime and minimal dependency on geological sites or resources (Sorknæs et 

al., 2023). Large-scale trans-critical CO2 Carnot batteries (TCCB) have been investigated with 

Technology Readiness Level up to 3 - 4 (Shamsi et al., 2024) and demonstrate better technical and 

economic performance than other energy storage technologies with sensible hot storage (Zhao et al., 

2022), with a highest predicted round-trip-efficiency of 68 % and a lowest capital cost. Shamsi et al. 

(2024) reveal that reversible machines in TCCB should be prototyped to optimize investment costs. 

Scroll machines have been widely used in vehicle heat pumps (Wang et al., 2023; Zheng et al., 2020) 

and small-scale ORC (Ayachi et al., 2016a; Dickes et al., 2025; Dumont et al., 2018; Quoilin et al., 

2010; Wieland et al., 2023), and they can also act as the dual-function machine in a reversible HP/ORC 

(Dumont et al., 2021; Guo and Lemort, 2024; Guo et al., 2025; Pezo et al., 2024; Ravindran et al., 

2024), but their operation range is limited (Wang et al., 2022). 
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The recuperator is widely used in trans-critical CO2 heat pumps (Qin et al., 2021; Song et al., 2022), 

whose applicability is evaluated deeply by He et al. (2023) in water heaters, refrigeration systems, and 

automotive air-conditioners. However, the low temperature spreads of those applications usually 

mismatch the requirement of a TCCB (Ayachi et al., 2016b; Baik et al., 2014; Kim et al., 2013). It also 

functions in trans-critical CO2 Rankine power cycles (Pan et al., 2016) and even TCCB (Ayachi et al., 

2016b; Kim et al., 2013; Zhao et al., 2022) for performance enhancement, and the applicability of the 

recuperator in a Reversible TCCB (RTCCB) has not been studied yet.  

 

This study aims to investigate the technical feasibility of a recuperator in an RTCCB based on the 

application to a small-scale family farm. The second section is the case study and proposed system 

description, and the third section gives the methodology of the work. In the fourth section, based on the 

condition of the case study, a comparison and discussion of the recuperator applicability is conducted 

in optimal operation and realistic operation limited by the boundaries of the scroll machine, and a 

parameter study is given regarding the variation of the recuperator efficiency and machine boundaries. 

 

2 SYSTEM DESCRIPTION 

 
The studied small-scale family farm is in Ben Guerir, Morocco, and its mean temperatures in the day 

(8:00 – 19:00) and night (19:00 – 8:00) are 23 ℃ and 17 ℃, respectively. The trans-critical HP (THP) 

is designed to operate during the day using the photovoltaic output, and the trans-critical Rankine cycle 

(TRC) generates power during the night for irrigation pumps and bulbs. The schematic of the RTCCB 

is presented in Figure 1, where the HPHX and LPHX correspond to the high-pressure and low-pressure 

heat exchangers, respectively, and IHX represents the recuperator. A scroll machine is utilized as the 

reversible compressor/expander. The ambient air during the day is utilized as the heat source of the 

THP; the ambient air at night acts as the heat sink for the TRC.  

 

 
 

Figure 1: Diagram of RTCCB with a recuperator (a: THP, b: TRC) 

 

In the THP mode, the expanded two-phase CO2 after the TXV (thermal expansion valve) enters the 

LPHX (evaporator), absorbing heat from the ambient air, and then passes through the IHX. In the IHX, 

the CO2 vapor is heated by high-temperature CO2 fluid leaving the gas cooler (HPHX), and then 
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compressed in the compressor, entering the HPHX. The high-temperature CO2 fluid heats the secondary 

fluid in the hot storage loop, from the hot storage low temperature (Thot,l) to its set high temperature 

(Thot,h). On the other hand, in the TRC mode, after the low-pressure and low-temperature CO2 is pumped 

to a high-pressure state by the pump and heated in the IHX by the exhaust high-temperature CO2 from 

the expander, it enters the HPHX (gas heater) to get further heated by the secondary fluid in the hot 

storage loop. Then, the high-pressure and high-temperature supercritical CO2 is expanded and 

exhausted to the IHX and further rejects the heat to the ambient air in the LPHX (condenser). 

As a benchmark for the adaptability evaluation of the recuperator, the basic system layout is the 

reversible THP/TRC system in Figure 1 without IHX. Besides, two operational ranges are proposed: 

the optimal operation (opt.) without scroll machine operation limits (the optimum high pressure of 

THP/TRC is always reachable), and the limited operation (ltd.) within the machine operation boundaries. 

In other words, in the limited operation, if the machine pressure or temperature under the optimum 

pressure is outside the boundary, the system deviates from its optimal condition to work within the 

boundary (affected condition). As the ambient air is used as the secondary fluid in the LPHX, the 

performance deviation map under various Thot,l and Thot,h in the hot storage side is given in this study. 

 

3 METHODOLOGY 

 
3.1 System Modelling 

All the models are implemented in the MATLAB environment, and a design model for a reversible heat 

pump/Rankine cycle with fixed pinch points (Guo and Lemort, 2024; Guo et al., 2025) is utilized. The 

properties of CO2 are calculated by CoolProp (Bell et al., 2014). The variation step for searching for 

the optimum high pressure (Pcmp,ex in THP, Pexp,su in the TRC) is 5 bar. The scroll compressor model is 

completed by assuming the total compression process is isentropic compression from suction to the 

adaptive point, firstly, and then a constant-volume process until discharge (Winandy et al., 2002). 

Similarly, the ideal expansion is also divided into 2 steps: isentropic expansion from the supply to the 

adaptive point and then constant-volume expansion until the exhaust state (Lemort, 2008). The 

efficiency of the recuperator is constant and the same in THP/TRC modes, and its heat transfer rate is 

calculated below (He et al., 2023): 

 𝑄̇𝐼𝐻𝑋 = 𝜂𝐼𝐻𝑋 × 𝑄̇𝐼𝐻𝑋,𝑚𝑎𝑥 (1) 

In the THP mode, the maximum heat transfer (Q̇IHX,max,THP) is: 

 𝑄̇𝐼𝐻𝑋,𝑚𝑎𝑥,𝑇𝐻𝑃 = 𝑚̇𝐶𝑂2,𝑇𝐻𝑃 ×𝑚𝑖𝑛⁡(ℎ𝑔𝑐,𝑒𝑥,𝐶𝑂2 − ℎ𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑚𝑖𝑛,𝑇𝐻𝑃 , ℎ𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑚𝑎𝑥,𝑇𝐻𝑃 − ℎ𝑒𝑣,𝑒𝑥,𝐶𝑂2) 

  (2) 

 ℎ𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑚𝑖𝑛,𝑇𝐻𝑃 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑃 = 𝑃𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑇𝐻𝑃 , 𝑇 = 𝑇𝑒𝑣,𝑒𝑥,𝐶𝑂2, 𝐶𝑂2) (3) 

 ℎ𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑚𝑎𝑥,𝑇𝐻𝑃 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑃 = 𝑃𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑇𝐻𝑃 , 𝑇 = 𝑇𝑔𝑐,𝑒𝑥,𝐶𝑂2, 𝐶𝑂2) (4) 

Where subscripts h and l represent the high-temperature and low-temperature sides of the recuperator, 

respectively. In the TRC mode, its maximum heat transfer (Q̇IHX,max,TRC) is: 

 𝑄̇𝐼𝐻𝑋,𝑚𝑎𝑥,𝑇𝑅𝐶 = 𝑚̇𝐶𝑂2,𝑇𝑅𝐶 ×𝑚𝑖𝑛⁡(ℎ𝑒𝑥𝑝,𝑒𝑥,𝐶𝑂2 − ℎ𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑚𝑖𝑛,𝑇𝑅𝐶 , ℎ𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑚𝑎𝑥,𝑇𝑅𝐶 − ℎ𝑝𝑝,𝑒𝑥,𝐶𝑂2) 

  (5) 

 ℎ𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑚𝑖𝑛,𝑇𝑅𝐶 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑃 = 𝑃𝐼𝐻𝑋,ℎ,𝑒𝑥,𝑇𝑅𝐶 , 𝑇 = 𝑇𝑝𝑝,𝑒𝑥,𝐶𝑂2, 𝐶𝑂2) (6) 

 ℎ𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑚𝑎𝑥,𝑇𝑅𝐶 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑃 = 𝑃𝐼𝐻𝑋,𝑙,𝑒𝑥,𝑇𝑅𝐶 , 𝑇 = 𝑇𝑒𝑥𝑝,𝑒𝑥,𝐶𝑂2, 𝐶𝑂2) (7) 

The performance indicators of THP/TRC are Coefficient of Performance and cycle thermal efficiency: 

 𝐶𝑂𝑃 =
𝑄̇𝑔𝑐,𝐶𝑂2,𝑇𝐻𝑃

𝑊̇𝑐𝑚𝑝,𝐶𝑂2,𝑇𝐻𝑃+𝑊̇𝑝𝑝,𝑜𝑖𝑙,𝑇𝐻𝑃+𝑊̇𝑓𝑎𝑛,𝑎,𝑇𝐻𝑃
 (8) 

 𝜂𝑇𝑅𝐶 =
𝑊̇𝑒𝑥𝑝,𝐶𝑂2,𝑇𝑅𝐶−𝑊̇𝑝𝑝,𝐶𝑂2,𝑇𝑅𝐶−𝑊̇𝑝𝑝,𝑜𝑖𝑙,𝑇𝑅𝐶−𝑊̇𝑓𝑎𝑛,𝑎,𝑇𝑅𝐶

𝑄̇𝑔ℎ,𝐶𝑂2,𝑇𝑅𝐶
 (9) 

Power-to-power efficiency (P2P) is introduced to evaluate RTCCB’s comprehensive performance: 

 𝑃2𝑃 = 𝐶𝑂𝑃 × 𝜂𝑇𝑅𝐶 (10) 
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Note that the P2P value corresponds to the same ηIHX in both modes. Therefore, the performance 

comparison indicators between the system with and without a recuperator are listed in Table 1, where 

X can denote the optimal COP, ηTRC, and P2P within the given ranges (opt. and ltd.), and OHP is the 

optimum high pressure. 

 

Table 1: Performance comparison indicators between IHX and basic systems (He et al., 2023) 

 

Items IHX vs Basic at opt. range IHX vs Basic at ltd. range 

ΔX ∆𝑋𝑜𝑝𝑡 = (𝑋𝐼𝐻𝑋,𝑜𝑝𝑡 − 𝑋𝑏𝑎𝑠,𝑜𝑝𝑡) 𝑋𝑏𝑎𝑠,𝑜𝑝𝑡⁄  ∆𝑋𝑙𝑡𝑑 = (𝑋𝐼𝐻𝑋,𝑙𝑡𝑑 − 𝑋𝑏𝑎𝑠,𝑙𝑡𝑑) 𝑋𝑏𝑎𝑠,𝑙𝑡𝑑⁄  

ΔOHP ∆𝑂𝐻𝑃𝑜𝑝𝑡 = 𝑂𝐻𝑃𝐼𝐻𝑋,𝑜𝑝𝑡 − 𝑂𝐻𝑃𝑏𝑎𝑠,𝑜𝑝𝑡 ∆𝑂𝐻𝑃𝑙𝑡𝑑 = 𝑂𝐻𝑃𝐼𝐻𝑋,𝑙𝑡𝑑 −𝑂𝐻𝑃𝑏𝑎𝑠,𝑙𝑡𝑑 

ΔTcmp,ex ∆𝑇𝑐𝑚𝑝,𝑒𝑥,𝑜𝑝𝑡 = 𝑇𝑑𝑖𝑠,𝐼𝐻𝑋,𝑜𝑝𝑡 − 𝑇𝑑𝑖𝑠,𝑏𝑎𝑠,𝑜𝑝𝑡 ∆𝑇𝑐𝑚𝑝,𝑒𝑥,𝑙𝑡𝑑 = 𝑇𝑑𝑖𝑠,𝐼𝐻𝑋,𝑙𝑡𝑑 − 𝑇𝑑𝑖𝑠,𝑏𝑎𝑠,𝑙𝑡𝑑 

 

3.2 Validation 

The model outputs of this study are compared with the simulation results of basic cycles by Baik et al. 

(2014), with the same ṁCO2, high pressure, machine efficiency, pinch points, and secondary fluid 

temperature of heat exchangers. In the THP mode, the error of the Tcmp,ex is below 2 K, and the deviations 

of compressor power and heat transfer rates of HPHX/LPHX are less than 3 %, and the error of 

evaporator inlet quality is within 0.01. In the TRC mode, the error of the Texp,su is below 1.5 K, and the 

deviations of expander/pump power and heat transfer rates of HPHX/LPHX are less than 4 %. The error 

of condensation pressure is within 1 bar. 

 
3.3 Parameter Setting 

All parameters before the further parameter study are set as shown in Table 2. The maximum efficiency 

for the compressor/expander here is set at 0.85 (Kim et al., 2008; Li et al., 2023; Zhao et al., 2022), 

which represents their efficiency when over-compression, under-compression, over-expansion, or 

under-expansion does not occur. For the scroll compressor, if over-compression occurs, the pressure at 

the adaptive point is higher than the discharge pressure (Zheng et al., 2020). Therefore, the built-in 

volume ratio (RV) is set at 2.0 in this study to prevent severe over-compression. Thus, the operating 

boundaries in this study are: maximum high pressure (Pcmp,ex in THP, Pexp,su in the TRC) is 140 bar (Li 

et al., 2025; Volkswagen, 2021; Zhang et al., 2024), and the highest temperature is 150 ℃ (Zheng et 

al., 2020). The pinch points of all heat exchangers in both modes are 2 K, and the efficiency of the 

secondary fluid pump and air fan is 0.7 (Dumont and Lemort, 2020). The CO2 pump efficiency is 0.85 

(Baik et al., 2014; Morandin et al., 2013). This study focuses on the impact of the introduced recuperator 

(IHX) and the operational boundaries of the scroll machine on the COP and ηTRC, so the swept volume 

of the scroll compressor is set as a unity value (1 cm3). The swept volume of the expander is 0.5 cm3, 

which is the compressor swept volume divided by RV, according to Lemort et al. (2009). 

 

Table 2: Parameter settings in the modelling 

 

Parameter Value Parameter Value 

ηcmp,max 0.85 Pinchgc,THP 2 K 

ηexp,max 0.85 Pinchev,THP 2 K 

ηIHX 0.75 Pinchgh,TRC 2 K 

ηpp,CO2 0.85 Pinchcd,TRC 2 K 

ΔTOH,THP 5 K ΔTSC,TRC 5 K 

ΔTSC,THP 5 K Pscroll,max 140 bar 

RV 2 Tscroll,max 150 ℃ 

cp,oil 2100 J/kg/K ρoil 800 kg/m3 

cp,a 1012 J/kg/K ρa 1.23 kg/m3 

ηpp,oil 0.7 ηfan,a 0.7 
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4 RESULTS AND DISCUSSIONS 
 

4.1 Optimal operation range 

Without the constraints of the scroll machine operation boundaries, the optimal operation points of the 

THP/TRC can be reached. Figure 2 presents the ΔCOPopt, Δηopt, and ΔP2Popt of the IHX (ηIHX = 0.75) 

and basic RTCCB system without limits. In all operation conditions, the recuperator can enhance the 

performance of THP/TRC, with a range of 5.4-16.4 % and 0-10.1 % for ΔCOPopt and Δηopt, respectively. 

When the Thot,h is 80 ℃, the impact of the recuperator on TRC efficiency is negligible, because the 

expander exhaust temperature is low and thus the heat transfer rate of the recuperator is neglectable 

compared to that of HPHX/LPHX. For the THP, Thot,l has a stronger impact than Thot,h, especially when 

Thot,l > 55 ℃, because it affects the gas cooler exhaust temperature, with which ΔCOPopt varies almost 

linearly (He et al., 2023). In the TRC mode, Δηopt is mainly influenced by Thot,h in most of conditions, 

as the ηopt,IHX is more sensitive to Thot,h than ηopt,bas with the same ηexp and ηpp,CO2 (Wu et al., 2018), and 

the increment of Thot,h denotes to higher Δηopt. The P2Popt can be increased by 5.9-28.1 %, and its 

deviation is more sensitive to Thot,h when Thot,l is low, and more sensitive to Thot,l when it is higher. Figure 

3 presents the ΔOHPopt,THP, ΔOHPopt,TRC, and ΔTcmp,ex,opt in both systems. The recuperator can decrease 

the OHPTHP and OHPTRC in all considered conditions, but the cost is that Tcmp,ex is lifted by 34 K. It has 

no impact on the Texp,su because this is determined by the Thot,h and Pinchgh,TRC. 

 

 
 

Figure 2: Impact of IHX on ΔCOPopt, ΔηTRC,opt, and ΔP2Popt at optimal operation (ηIHX = 0.75) 

 

 
 

Figure 3: Impact of IHX on ΔOHPTHP,opt, ΔOHPTRC,opt, and ΔTcmp,ex,opt (ηIHX = 0.75) 

 

4.2 Limited operation range 

When the Pscroll,max is 140 bar (Volkswagen, 2021), the operation conditions are limited for the basic 

system: Thot,h ≤ 95 ℃, because the minimum pressure in the gas cooler is above 140 bar when the Thot,h 

is higher. However, the recuperator can extend the possible condition range of the THP, so IHX system 

can work within 80 ≤ Thot,h ≤ 110 ℃. The function of recuperator is only discussed within 80 ≤ Thot,h ≤ 

95 ℃ in this section, which is clarified in Figure 4. The highest compressor discharge pressure is limited 

in the basic THP, and the optimum high pressure is not reachable (the affected conditions are framed in 

green dotted lines), so ΔCOPltd is much higher than ΔCOPopt, thanks to that the OHPltd,THP is lower when 

this IHX is adapted. The ability of the recuperator for the decline of optimum high pressure has been 

discussed in Section 4.1, and it makes more sense in the limited operation. Similarly, in the basic TRC, 

when Thot,h ≥ 85 ℃, the OHPTRC is limited to 140 bar (affected conditions are framed in black dotted 



 

Paper ID: 7738, Page 6 
 

38th INTERNATIONAL CONFERENCE ON EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND 

ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS, 29 JUNE - 4 JULY 2025, PARIS, FRANCE 

lines), and ΔηTRC,ltd is slightly higher than ΔηTRC,opt, as its OHPTRC,opt is lower originally (150 bar at Thot,h 

= 95 ℃). As a result, the ΔP2Pltd has a significant lift compared to ΔP2Popt. Fewer conditions are 

affected by the operation limits after the introduction of the recuperator in both modes. 

 

 
 

Figure 4: Impact of IHX on ΔCOPltd, ΔηTRC,ltd, and ΔP2Pltd at limited operation (ηIHX = 0.75) 

 

Figure 5 presents the absolute values of the COPTHP and ηTRC with/without IHX under optimal/limited 

operation ranges. When Thot,l < 45 ℃ and Thot,h > 100 ℃, OHPTRC,IHX is higher for a better match with 

the larger (Thot,h - Thot,l) in the HPHX, resulting in a drop of ηTRC,IHX,opt and ηTRC,IHX,ltd. 

 

 
 

Figure 5: COPTHP and ηTRC with/without IHX under optimal/limited operation (ηIHX = 0.75) 
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When ηIHX is 0.75, the affected region of OHPTHP is not eliminated, only narrowing from the green 

dotted frame to the purple solid frame, but it occurs that the operational high pressure of the THP system 

with a recuperator deviates from its optimum value due to the highest temperature limit when Thot,l > 

67 ℃ (the affected conditions are framed in blue solid lines). Experimentally, the ηIHX can vary within 

0.3 – 0.96 under different heat exchange areas (Otón-Martínez et al., 2022), so what will happen with 

the variation of ηIHX? Figure 6 delineates the variation of ΔP2Pltd with four ηIHX values. When ηIHX = 

0.25, the affected region of OHPTRC narrows from the black dotted frame to the orange solid frame, and 

it does not exist after ηIHX = 0.5. When ηIHX is above 0.5, the characteristic of the recuperator that it 

increases the Tcmp,ex, starts to introduce a disadvantage that the high pressure of THP is reduced from 

the OHPTHP due to the temperature limit (in blue solid lines), and more conditions are affected with the 

ηIHX from 0.75 to 1. This slows down the increasing rate of ΔP2Pltd with ηIHX, but the impact of IHX is 

enhanced by its rising efficiency generally. If the ηIHX = 1, the OHPTHP,ltd is always below 140 bar.   

 

 
 

Figure 6: Impact of recuperator efficiency on ΔP2Pltd 

 

4.3 Boundary extension 

Practically, the boundaries of a scroll compressor in this study can be extended, and the Pscroll,max is 

enlarged to 160 bar (Jiang et al., 2024), and Tscroll,max is increased to 160 ℃ (Li et al., 2023; Mateu-Royo 

et al., 2019). Figure 7 shows the ΔCOPltd, ΔηTRC,ltd, and ΔP2Pltd at Pscroll,max = 160 bar and Tscroll,max = 

150 ℃. This enlarges the possible operation range to 80 ≤ Thot,h ≤ 110 ℃ for the basic system, and there 

are more unaffected conditions for basic THP/TRC obviously, compared to Figure 4. For the system 

with a recuperator, the conditions limited by Tscroll,max become more, but the limit of Pscroll,max does not 

exist. The improvement effect of the recuperator is weakened because of the large performance lift in 

the basic THP/TRC with the extension of Pscroll,max. The ΔηTRC,ltd can reach 10 % when the Thot,h is over 

105 ℃, although its value within 80 ≤ Thot,h ≤ 95 ℃ is lower than Figure 4. 

 

Figure 8 presents the performance deviations at Pscroll,max = 140 bar and Tscroll,max = 160 ℃ with ηIHX = 1, 

and the discussed conditions are 80 ≤ Thot,h ≤ 95 ℃. The extension of Tscroll,max does not lessen the 

affected conditions of basic THP/TRC but reduces slightly those of the THP/TRC with IHX, compared 

to Figure 6. Hence, the highest ΔP2Pltd rises from 56.9 % to 67.5 % (ηIHX = 1) with the Tscroll,max extension. 

Note that if ηIHX = 0.75, there are no affected conditions in both systems due to the limits of the Tscroll,max 

after its extension.  
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Figure 7: Impact of IHX on ΔCOPltd, ΔηTRC,ltd, and ΔP2Pltd at Pscroll,max = 160 bar (ηIHX = 0.75) 

 

 
 

Figure 8: Impact of IHX on ΔCOPltd, ΔηTRC,ltd, and ΔP2Pltd at Tscroll,max = 160 ℃ (ηIHX = 1.00) 

 

4.4 Compression/expansion ratio 

In the simulation of Zheng et al. (2020), the theoretical pressure ratio (εscroll) is 2.82 for a scroll 

compressor, and in the experiment of Li et al. (2023), the εscroll,max can be over 4. Therefore, the limitation 

of εscroll,max is not discussed in this study, because all conditions discussed above are not limited by it if 

εscroll < 4. When εscroll,max is set as 2.82, the conditions without Pscroll,max extension are not affected, and 

only basic system at Pscroll,max = 160 bar can be limited, whose affected conditions have been represented 

by those of Pscroll,max (green dotted lines in Figure 7).  
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5 CONCLUSIONS 

 
In this study, the ambient air in the day/night is used as the evaporator/condenser secondary fluid of a 

reversible CO2 THP/TRC, respectively. The work focuses on the technical feasibility of a recuperator 

applied to the reversible trans-critical CO2 Carnot battery (RTCCB), a scroll compressor acting as the 

dual-function machine, and the operation boundaries of the scroll machine are considered as operation 

constraints of the trans-critical HP/Rankine cycle. The main conclusions are as follows: 

• In optimal operation without constraints, the recuperator can improve the COP of the THP and 

thermal efficiency of the TRC, decreasing their optimum high pressure, but it increases the 

discharge temperature of the compressor. If recuperator efficiency is 0.75, ΔCOPopt, ΔηTRC,opt, 

and ΔP2Popt can be up to 16.4 %, 10.1 %, and 28.1 %, with ΔOHPopt,THP, ΔOHPopt,TRC, and 

ΔTcmp,ex,opt reaching -30 bar, -25 bar, and 34 K, respectively. 

• In the limited operation of Pscroll,max = 140 bar, and Tscroll,max = 150 ℃, the affected conditions of 

the basic THP/TRC are numerous, which can be narrowed by the recuperator. The improvement 

impact of the recuperator is enlarged in the THP mode compared to the optimal range, and 

ΔP2Pltd = 6-53 % with ηIHX = 0.75, bringing a higher lift of ΔTcmp,ex,ltd = 44 K.  

• With the recuperator efficiency rising from 0.25 to 1, the conditions that deviate from the 

optimum pressure due to the Pscroll,max limit are fewer, but those deviating from the optimum 

pressure due to the Tscroll,max limit appear from ηIHX = 0.75. 

• If the Pscroll,max is extended to 160 bar, the possible hot storage temperature rises in the system 

without a recuperator. The affected conditions in the basic THP/TRC are reduced evidently, 

making ΔCOPltd and ΔP2Pltd decrease. If Tscroll,max = 160 ℃, its affected conditions in the system 

with a recuperator are less, and ΔP2Pltd reaches up to 67.5 % with ηIHX = 1.  

 

This work is intended to give recommendations for the design of RTCCB based on Rankine cycle, in 

choosing operational conditions and scroll machines. The design of the hot storage temperatures and 

the recuperator size should consider the operation boundaries of the compressor/expander. In future 

work, the techno-economic feasibility assessment of a recuperator in RTCCB should be conducted, not 

only for the single-storage configuration in Figure 1, but also for that with cold storage (for instance, 

ice storage) and hot storage. Additionally, this assessment is based on RV = 2 for the considered scroll 

machine, and a more feasible value should be chosen from parametric optimization in the next step. 

Moreover, a more detailed model should be built, using the same recuperator size instead of the same 

efficiency in two modes (THP/TRC), to get a more accurate evaluation. 

 

 

NOMENCLATURE 
 

COP Coefficient of Performance (-) Pinch pinch point (K) 

cp specific heat (J/kg/K) Q̇ heat transfer rate (W) 

h enthalpy (J/kg) RV built-in volume ratio (-) 

ṁ mass flow rate  (kg/s) T temperature (℃) 

OHP optimum high pressure (bar) Ẇ power (W) 

P2P power-to-power efficiency (-) ΔT temperature difference (K) 

P pressure (bar)    

     

Abbreviations     

HPHX high-pressure heat exchanger TCCB trans-critical CO2 Carnot battery 

IHX recuperator (internal heat exchanger) THP trans-critical heat pump 

LPHX low-pressure heat exchanger TRC trans-critical Rankine cycle 

RTCCB reversible trans-critical CO2 Carnot battery TXV thermal expansion valve 

      

Greek symbols     

ε compression ratio (-) ρ density (kg/m3) 

η efficiency (-) Δ deviation (-) 
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Subscript     

a air  hot hot storage  

bas basic system  IHX recuperator, with a recuperator 

cd condenser  l low temperature  

cmp compressor  ltd limited operation  

dis discharge state of compressor  max maximum  

ev evaporator  oh overheating  

ex exhaust state  oil thermal oil  

exp expander  opt optimal operation  

fan air fan  pp pump  

gc gas cooler  SC sub-cooling  

gh gas heater  scroll scroll machine  

h high temperature     
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