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ABSTRACT 
 

The trans-critical CO₂ Rankine cycle (TCRC) is an effective solution for waste heat recovery and Carnot 

battery applications, especially when combined with sensible heat storage and operating over a wide 

temperature range. However, controlling the cycle can be complex, as its performance depends heavily 

on selecting an appropriate high pressure. This study proposes a fixed-charge control strategy for TCRC. 

Instead of adjusting the high pressure in real-time, the optimal refrigerant charge is selected and 

maintained constant throughout operation, which is determined under an intermediate condition defined 

by the cooling water and thermal oil supply temperatures. The relationship between high pressure, 

running charge, and thermal efficiency is illustrated, and the optimum charge distribution under various 

conditions is presented. Then, the fixed-charge strategy is compared to the conventional optimum-high-

pressure approach in a TCRC equipped with a liquid reservoir. Around the intermediate condition, both 

methods yield similar thermal efficiency. A refrigerant reservoir can be added between the gas heater 

and the expander to improve performance over a wider range of conditions. This modification reduces 

the maximum absolute deviation in thermal efficiency to only 0.19 %. This work supplies a simpler 

alternative control strategy for TCRCs, reducing system complexity while maintaining high 

performance. 

 

1 INTRODUCTION 
 

Energy storage technologies are becoming more and more crucial (Wang et al., 2022b), compensating 

for the intermittent nature of variable renewable energy, and among them, pumped thermal energy 

storage (Carnot battery), where electric energy is stored as thermal energy and later recovered during 

discharge (Guo et al., 2025), outstands due to its flexible capacity, long lifetime and minimal 

dependency on geological sites or resources. Large-scale trans-critical CO2 Carnot batteries 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, 

with a highest predicted round-trip-efficiency up to 68 % and a lowest capital cost (Zhao et al., 2022). 

The trans-critical CO2 heat pump systems have been investigated and applied in many applications, for 

instance, residential water heaters (Wang et al., 2022a), refrigeration (Sacasas et al., 2022) and 

automotive thermal management systems (Jia et al., 2024), and trans-critical CO2 Rankine cycles 

(TCRC) get less attention compared to the heat pumps, although they perform better than organic 

Rankine cycle at high heat source temperature (Astolfi et al., 2018; Wieland et al., 2023). TCRCs are 

important when coupled with a CO2 heat pump in a reversible Carnot battery with low-temperature cold 

storage, which needs to be investigated further (Shamsi et al., 2024) or in other situations, such as solar-

thermal power plants (Chen et al., 2010). 

 

It has been proved that high pressure is key to the TCRC performance (efficiency and output), and there 

is an optimum high pressure for the largest net power output (Ahmadi et al., 2017; Li et al., 2018a; 

Song et al., 2020; Zhao et al., 2020) or system efficiency (Cayer et al., 2009; Chen and Lundqvist, 

2011; Li et al., 2014), as presented in Table 1, where the high pressure range varies with operational 

conditions. In the operational control of the current TCRC, the working fluid mass flow rate is 
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controlled by adjusting the working fluid pump speed, and the optimum operation pressure is achieved 

by adjusting the expansion equipment capacity or working fluid pump speed, leading to the low 

robustness of the system. In the experimental work of Li et al. (2018b), the opening of the expansion 

valve (replacing the speed of an expander) is adjusted to change the high pressure. In practice, the high 

pressure in a designed TCRC can be controlled according to the performance map or correlation to the 

condition parameters, although there are not many available correlations yet. In the dynamic simulation 

of Wang et al. (2020), the high pressure is adjusted by the optimal pump speed, which is gained from 

operational map for the maximum net power output. The optimum high pressure is also mapped under 

various conditions, and it is achieved by the adjustable stator angle of the turbine in Du et al. (2018). In 

the experiment of Li et al. (2017), the high pressure is changed by the control function with the heat 

source flow rate and CO2 mass flow rate. For the trans-critical CO2 heat pump system, some researchers 

propose new control strategies by charge management, so that the expansion valve does not control the 

high pressure but only controls the overheating degree (He et al., 2020). In the TCRC, the charge 

distribution regulation can also be concluded, and then a similar control strategy can be utilized to 

simplify or neglect the control of the optimum high pressure.  

 

Table 1: Summary of the TCRC optimum range of high pressure  

 

Ref. Recuperative? Control goal High pressure 

Ahmadi et al. (2017) No Net power/Efficiency 9-10 MPa 

Li et al. (2018a) Yes Net power 13-14 MPa 

Song et al. (2020) Yes Net power 13-15 MPa 

Zhao et al. (2020) Yes Net power/Efficiency 15 MPa 

Cayer et al. (2009) Yes/No Efficiency 11 MPa/14 MPa 

Chen and Lundqvist (2011) No Efficiency 11-18 MPa 

Li et al. (2014) Yes/No Efficiency 10-12 MPa/11-15 MPa 

 

In this study, the charge distribution variation in a TCRC with the secondary fluid (thermal oil and 

cooling water) temperature is presented, and a fixed-charge control strategy is proposed to compare 

with the optimal system with the optimum high pressure. In Section 2, the detail of the studied system 

is given, and the models and control strategies are presented. In Section 3, the relationship between the 

TCRC performance, its optimum expander inlet pressure, and system charge is illustrated, and the 

performance of the fixed-charge control strategy is analyzed and improved by comparing it with 

optimum-high-pressure operation. 

 

2 METHODOLOGY 

 
2.1 Studied TCRC system 

The studied basic TCRC is a part of a reversible CO2 heat pump/power cycle coupled with a reverse-

osmosis system in Ben Guerir, Morocco, which is a case study in the ‘REPTES’ project, and its power 

cycle is shown in Figure 1. During the day, the heat pump heats the thermal oil and cools down the well 

water, storing it in a hot storage tank and a water tank, respectively. The oil and cold water stored are 

used as secondary fluids for the TCRC at night when irrigation pumps operate. Due to the irrigation 

requirements, the cooling water flow rate is fixed as 3 m3 / h, and its supply temperature fluctuates with 

the heat pump operation. An identical commercial scroll compressor (Li et al., 2023) in the CO2 

automotive heat pump (Volkswagen, 2021) is used as the expander. The designed sizes are presented 

in Table 2, which are used as parameters for the off-design model.  

 

2.2 Charge-sensitive model 

A charge-sensitive off-design model (Dickes et al., 2018) for a trans-critical TCRC (Dumont et al., 

2018) is built in MATLAB environments, and the fluid properties are calculated by CoolProp (Bell et 

al., 2014). The performance of expanders is calculated by a semi-empirical expander model (Lemort et 

al., 2009). The heat exchange process is divided into 150 microelements in the gas heater, considering 

the dramatic density change in the supercritical state. The correlations of heat transfer and friction 
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pressure drop in heat exchangers are listed in Table 3. Note that a homogeneous void fraction model 

(Wu and Duan, 2019) is used because the density difference of saturated vapor and liquid is smaller 

compared to other refrigerants (He et al., 2020). 

 

 
 

Figure 1: TCRC system layout and T-S diagram 

 

Table 2: Size parameters of the studied TCRC 

 

Expander  Heat exchangers  

Type Scroll 
Type 

Brazed plate heat 

exchanger Swept volume 5.36 cm3 

Built-in volume ratio 2.26 Gas heater:  

Speed range 600-8600 rpm      Plate numbers 23 

CO2 pump       Length/width 0.519 m / 0.252 m 

Type Plunger      Internal volume 1.679 L 

Swept volume 14.5 cm3 Condenser:  

Isentropic efficiency 0.95      Plate numbers 26 

Volumetric efficiency 0.95      Length/width 0.42 m / 0.165 m 

Nominal speed 1450 rpm      Internal volume 1.243 L 

 

Table 3: Correlations in the off-design model 

 

Gas heater Heat transfer Pressure drops 

Supercritical CO2 Forooghi and Hooman (2014) Lee et al. (2020) 

Thermal oil Lee et al. (2020) / 

Condenser   

Vapor/Liquid CO2 Martin (1996) Martin (1996) 

Two-phase CO2 Kondou and Hrnjak (2011) Tao and Ferreira (2019) 

Water Martin (1996) / 

 

The running charge amount is calculated by: 

 𝑀𝑟𝑢𝑛 = 𝑀𝐺𝐻 +𝑀𝐶𝐷 +𝑀𝑒𝑥𝑝 +𝑀𝑝𝑝 (1) 

The total charge amount is calculated by (the charge in pipes is assumed as 0): 

 𝑀𝑡𝑜𝑡 = 𝑀𝑟𝑢𝑛 +𝑀𝐿𝑅 +𝑀𝑅𝑅 (2) 
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In the gas heater, the mass of the super-critical CO2 is calculated by: 

 𝑀𝐺𝐻 = ∫ 𝜌𝑑𝑉
𝑉𝐺𝐻
0

 (3) 

The refrigerant mass of other components is from Dickes et al. (2018). Models of a liquid reservoir (LR) 

and a vapor-refrigerant reservoir (RR)  are built (Dickes et al., 2018) as their function is discussed in 

this study. The optimum high pressure and optimum running charge in this work refer to the values at 

the highest thermal efficiency, rather than net power output, because the studied TCRC is coupled into 

a Carnot battery, and its thermal efficiency is related to the consumption of hot storage and the 

requirement for heat pump performance. The thermal efficiency of the TCRC is: 

 𝜂𝑡ℎ = (𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑝𝑝) 𝑄̇𝑔ℎ⁄  (4) 

The optimum-high-pressure system is to regulate the system operating at its optimum high pressure (the 

searching step is 5 bar). The fixed-charge control strategy is that the charge of the system is set as the 

optimum charge at the intermediate values (Th=120 ℃, Tw=17 ℃) of various thermal oil (110 – 130 ℃) 

and cooling water (13 – 21 ℃) temperatures, and the refrigerant status will get a balance by itself. The 

CO2 pump speed is set to be 800 rpm. The subcooling degree at the condenser outlet is fixed at a low 

value, 1 K, to investigate the performance of the fixed charge.  

 

3 RESULTS AND DISCUSSIONS 

 
3.1 Relationship of high pressure and charge in TCRC 

Under three operation conditions (Th = 120 ℃, Tw = 13 ℃; Th = 120 ℃, Tw = 17 ℃; Th = 130 ℃, Tw = 

17 ℃), the variation of the TCRC performance with the expander inlet pressure and the corresponding 

running charge is presented in Figure 2. The charge amount is nearly proportional to the high pressure, 

and the optimum high pressure exists but differs under various conditions. The optimum running charge 

amount and the optimum high pressure appear simultaneously, meaning that the optimum running 

charge is the working fluid mass corresponding to the high pressure of maximum system efficiency. 

Note that the optimum high pressure also varies with the efficiencies of the expander and CO2 pump. 

 

 
 

Figure 2: Relationship of high pressure, thermal efficiency, and running charge  

 

The optimum running charge distribution in TCRC is presented in Figure 3. The charge in the expander 

and pump can be negligible compared to that in the condenser and gas heater. The optimum running 

charge under the intermediate condition is 1.138 kg, as highlighted in Figure 3. When Th = 120 ℃, the 

charge in the condenser and gas heater increases and decreases with the rising Tw, respectively, and the 

reduction in the gas heater is larger as the total running charge also drops. When Tw = 17 ℃, the charge 

amounts in the condenser and gas heater both decrease with the rising Th, and the decline in the gas 

heater is larger. The charge reduction in the condenser is little, from 0.435 kg to 0.426 kg, with the Th 

rising from 110 ℃ to 130 ℃. In summary, the charge of the gas heater is more sensitive to the water 

and thermal oil supply temperature, unlike the CO2 heat pump water heater (He et al., 2020). 
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Figure 3: Optimum charge distribution on various conditions (left: Th=120℃, right: Tw=17℃) 

 

3.2 Comparison of the control strategies 

Usually, in the organic Rankine cycles (Desideri et al., 2017; Ziviani et al., 2018) and TCRCs (Li et al., 

2022; Wang et al., 2020), there is a liquid reservoir between the condenser and the pump, so the 

performance of the fixed-charge control strategy in a TCRC with an LR (VLR = 0.8 L) is analyzed in 

this section. Figure 4 shows the comparison of the thermal efficiency in fixed-charged and optimum-

pressure TCRC under various Tw and Th.  

 

 
 

Figure 4: Thermal efficiency comparison with a liquid reservoir (0.8 L) 

 

Near the intermediate point (Th = 118 - 125 ℃, Tw =16 - 19 ℃), the fixed-charge control gets almost 

the same performance as the optimum-pressure one, but when the operation condition is far away from 

the selected point, the absolute deviation of ηth becomes larger, up to 1.3 % when Th = 120 ℃ and Tw = 

13 ℃, and 1.56 % when Th = 110 ℃ and Tw = 17 ℃. A larger variation occurs at the extremes of the 

operating window because the operational pressure of the gas heater changes more. For instance, the 

optimum high pressure when Th = 110 ℃ and Tw = 17 ℃ is 140 bar, and the high pressure in the fixed-

charge operation is 110 bar. When Th = 120 ℃ and Tw = 13 ℃, the operational high pressures are 145 

bar and 113 bar, respectively, in the optimum-pressure and fixed-charged control. 

 
3.3 Improvement of the fixed-charge control 

A vapor-refrigerant (note that the phase of the inside refrigerant is supercritical) reservoir of VRR = 1 L 

is introduced to balance the charge amount of the condenser, which varies significantly with the Tw. It 

can be put after GH (between the gas heater and the expander) or before GH (between the pump and 
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the gas heater) (He et al., 2020). The liquid reservoir is kept, but its volume is reduced to 0.2 L. Figure 

5 shows the comparison of the thermal efficiency in fixed-charge and optimum-pressure TCRC under 

various Th and Tw. Compared to Figure 4, where there is only LR, the fixed-charge TCRC with a 

refrigerant reservoir performs better and closer to the optimum-pressure one, and the solution with the 

RR after GH performs better than that with RR before GH because its high pressure is closer to the 

optimum value. The maximum absolute deviation of ηth with a fixed-charge control and RR after GH is 

only 0.44 %, and this value can be 0.19 % when VRR is enlarged to 5 L, but the total charge amount 

increases from 1.576 kg to 2.734 kg.  

 

 
 

Figure 5: Thermal efficiency comparison with a refrigerant reservoir (1 L) + LR (0.2 L) 

 

Four operation conditions are selected to verify the performance when neither Th nor Tw is located at 

the intermediate point, as shown in Table 4. The optimum-pressure system works at the optimum high 

pressure and total charge amount, as listed in Table 4, and the fixed-charge system works at a total 

charge of 1.576 kg.  

 

Table 4: Four conditions deviated from the intermediate condition 

 

No. 1 2 3 4 

Th / ℃ 115 125 115 125 

Tw / ℃ 15 15 19 19 

Optimum high pressure / bar 150 145 150 150 

Optimum total charge / kg 1.667 1.603 1.570 1.530 

 

The performance under these four conditions of the fixed-charge TCRC with or without RR is illustrated 

in Figure 6, and the fixed-charge TCRC with RR after GH performs better. The maximum absolute 

deviation of the ηth is decreased from 1.40 % to 0.19 %. Moreover, the maximum relative deviation of 

the net power output is reduced from 16 % to 5 % (occurring under the fourth condition in Table 4) 

when a “RR after GH” solution replaces the “only LR” solution. Note that the net power out of the 

fixed-charge operation of both above solutions under the second and third conditions is almost the same 

as the optimum-pressure operation. 
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Figure 6: Performance of “only LR” and “RR after GH” under the conditions in Table 4 

 

4 CONCLUSIONS 

 
A fixed-charge control strategy is proposed based on the optimum charge under the intermediate 

operation condition in a trans-critical CO2 Rankine cycle (TCRC), and its performance is verified by 

comparing it with the conventional optimum-pressure control. The main conclusions are as follows: 

• The running charge amount increases monotonically with the high pressure (expander inlet 

pressure) in the TCRC, and the optimum running charge and optimum high pressure appear 

simultaneously. The charge amount in the gas heater is sensitive to the heat source temperature 

and the heat sink temperature.  

• In the TCRC with a liquid reservoir, the fixed-charge control strategy performs similarly only 

near the intermediate condition, and the absolute deviation of ηth is up to 1.56 % at Th = 110 ℃ 

and Tw = 17 ℃.  

• By introducing a refrigerant reservoir between the gas heater and the expander, the fixed-charge 

performance can be improved, and the maximum absolute deviation of the ηth is only 0.19 % 

when both Th and Tw deviate from the intermediate condition. 

 

The brief comparison of the proposed fixed-charge control strategy and the previous optimum-pressure 

operation is concluded in Table 5. 

 

Table 5: Comparison of the fixed-charge and optimum-pressure operation 

 

 Fixed charge Optimum pressure 

Implementation To decide the optimum charge of the 

intermediate operational point in the 

design process 

To adjust the high pressure in the 

off-design stage according to the 

control correlations or maps 

Off-design 

operation 
None 

To adjust the pump speed or 

expander capacity 

Control goal Mass flow rate Mass flow rate, high pressure 

Performance 
No evident performance drop compared 

to the optimal point 
Optimal performance 

Advantage Simpler operation Better performance 

Drawback A little performance decrement More complex operation 

 

This control strategy can simplify the control of the trans-critical CO2 Rankine cycle, eliminating the 

control for the optimum high pressure, if the system charge amount is set to be the optimum charge at 

the intermediate point of the possible operation conditions. In future work, the volume of the refrigerant 

reservoir and liquid reservoir can be optimized. 
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NOMENCLATURE 
 

M charge amount (kg)  

Q̇ heat transfer (W) 

T temperature (℃) 

V volume  (liter) 

Ẇ power  (W) 

η efficiency (–) 

 

Subscript 

CD condenser 

exp expander 

GH gas heater 

h hot thermal oil 

LR liquid reservoir 

pp working fluid pump  

RR refrigerant reservoir 

w water 
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