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Abstract: To fully recover abundant waste heat and reduce the operation cost in liquid-

cooled data centers, a Carnot ba�ery consisting of a heat pump (HP) and organic Rankine 

cycle (ORC) is proposed. Due to the existence of different cycle states for HPs and ORCs, 

four different cycle combinations are considered. To evaluate and compare their perfor-

mances, thermo-economic models are developed. Under the design conditions, the opti-

mal working fluid combinations are first determined for each ba�ery. On this basis, ther-

modynamic and economic performances of the four ba�eries are analyzed in detail. The 

results indicate that the system consisting of a subcritical HP/transcritical ORC achieves 

the highest round-trip efficiency at 76%. Notably, the round-trip efficiency of the system 

can exceed 100% at low ORC condensing temperatures. Additionally, the system cost is 

about 767–796 USD/kW∙h, depending on the cycle combinations. Furthermore, the effects 

of operating parameters on system performances are also investigated. Finally, with the 

objective of maximum round-trip efficiency, key parameters of four ba�eries are opti-

mized. The results reveal that the system with a subcritical HP/subcritical ORC a�ains a 

maximum round-trip efficiency of 83% after optimization. These research results contrib-

ute to the development of green data centers and the reduction of power costs. 

Keywords: Carnot battery; heat pump; organic Rankine cycle; heat recovery; data center; 

thermo-economic analysis 

 

1. Introduction 

1.1. Background 

With the construction of the digital economy, the demand for data storage and pro-

cessing has surged globally, leading to an expansion in the scale of data centers (DCs). It 

is reported that the total number of DC racks in China has exceeded 8.8 million by the end 

of September 2024 [1]. Faced with massive data calculations, DC servers require a large 

amount of electricity (in kW∙h). It is estimated that DCs consume up to 3% of global elec-

tricity today and are expected to reach 4% by 2030 [2]. Notably, the electrical energy con-

sumed in DCs is ultimately converted into heat, with cooling operations alone consuming 

up to 40% of the overall DC electricity [3]. Moreover, if the waste heat generated by data 
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centers is directly discharged to the outside environment, the waste heat is not effectively 

utilized, which may cause urban heat island effect. Thus, effectively utilizing this consid-

erable amount of waste heat is crucial for reducing energy dissipation and minimizing air 

pollution [4]. So far, the main obstacle to recovering the waste heat of traditional DCs is 

the lower waste heat temperature [5]. Therefore, liquid cooling technology has been im-

plemented in the DC industry [6]. It utilizes Fluorinert electronic liquids to achieve point-

to-point cooling of servers and meet the heat dissipation requirements of high power-

density racks. Furthermore, the high thermal conductivity of liquid-cooled coolant re-

duces the temperature difference between the coolant and servers, allowing the coolant 

outlet temperature to reach up to 75 °C [7]. 

1.2. Waste Heat Recovery of DCs 

The uniform distribution and uninterrupted operation of servers make DCs a stable 

and reliable heat source. Generally, the waste heat of DCs is mainly used for district heat-

ing (DH) [8]. For instance, Lu et al. [9] analyzed the potential of waste heat recovery for 

DH in a Finnish data center on the basis of real operation and concluded that the waste 

heat of a 1 MW DC could satisfy the heat demand for an over 30,000 m2 non-domestic 

building per year. Davies et al. [10] investigated the utilization of heat pumps (HPs) to 

elevate a data center’s waste heat temperature to meet the DH requirements. The analysis 

focused on the feasibility of applying the data center waste heat for DH in London. It was 

found that coupling a 3.5 MW data center with a heat recovery system could lead to sav-

ings of over 4000 tons of CO2 and nearly GBP 1,000,000 per year. However, the team also 

pointed out that the potential of DC waste heat for DH is associated with the geographical 

location of DCs and consumers, and the DH project is not suitable for warm or hot climate 

areas [10]. Moreover, because of the intermi�ent heating demand caused by seasonal re-

strictions, the utilization rate of the waste heat in heating is relatively low from a year-

round perspective. Therefore, how to further recover the waste heat of DCs is worthy of 

investigation. 

To fully recover the waste heat generated by DCs all year round, researchers pro-

posed employing the power cycle to produce electricity from the waste heat. In the field 

of low-grade waste heat utilization, the organic Rankine cycle (ORC) has been widely used 

due to its benefits of high efficiency, low cost, and simple structure. For instance, Ebrahimi 

et al. [7] evaluated the suitability of each currently available DC waste heat recovery tech-

nology. They found that the ORC is the most thermodynamically and economically prom-

ising technology for waste heat reuse in DCs. Chen et al. [11] proposed a cogeneration 

system with different configurations driven by DC waste heat. The system utilized two-

phase cooling technology to absorb the waste heat and generated electricity through a 

power cycle. It was proved that a system integrated ORC and absorption refrigeration 

cycle was the most promising heat recovery system, with an energy efficiency of 58.13%. 

In this regard, an HP is introduced to upgrade the low temperature of DC waste heat, 

thereby improving the thermal efficiency of ORCs. Ebrahimi et al. [12] employed an ORC 

system to recover DC waste heat, where the waste heat was first increased in temperature 

through HPs. The results indicated that at a water supply temperature of 60 °C, the elec-

tricity consumed by an HP can be fully provided by the electricity generated by an ORC, 

with a payback period of 4–8 years. Marshall et al. [13] used an HP-ORC cooling system 

to replace traditional air-source vapor compression chillers for cooling DC servers and 

assessed the economic performance of both cooling systems. Results showed that an HP-

ORC cooling system was found to be up to 65% less expensive than air-source vapor com-

pression chillers. 
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1.3. Energy Storage 

Besides recovering the waste heat, due to the 24 h uninterrupted operation of DCs, 

the electricity cost is too high during peak hours. Therefore, the operation cost can also be 

reduced by taking advantage of the peak–valley price difference of electricity. This re-

quires configuring an energy storage system for DCs [14]. During the period of electricity 

valleys, the system stores redundant and cheap electricity. During the period of electricity 

peaks, the system is capable of converting stored thermal energy into electricity for use in 

DCs, thus avoiding the use of high-price electricity. In addition to reducing the operation 

cost, configuring the energy storage system in DCs can also contribute to long-term sus-

tainability by promoting the direct electricity supply of renewable energy to data centers. 

This reduces dependency on fossil fuels, mitigates environmental impacts, and fosters the 

development of green data centers. Nowadays, electrochemical energy storage is rela-

tively mature and has been widely used in DCs. However, considering the high cost and 

short cycle life [15] of electrochemical energy storage, which is unsuitable for large-scale 

and long-term energy storage, it is generally only used as a backup power source for data 

centers [16]. 

With the continuous expansion of DC scales, energy storage of DCs has gradually 

developed into large-scale energy storage (100 MW level [17]). Among the large-scale en-

ergy storage options in DCs, a Carnot ba�ery is a potential option [18]. In terms of energy 

storage principle, a Carnot ba�ery mainly uses thermal storage to achieve the purpose of 

storing electricity. Thus, a Carnot ba�ery is also called “Pumped Thermal Energy Storage” 

[19]. In the charging process, the electricity is consumed by driving the electric heating 

process, so that the heat can be moved from the low-temperature side to the high-temper-

ature side, and meanwhile the thermal energy is stored. In the discharging process, the 

stored energy is used to drive the power cycle to output electricity, so as to achieve the 

spatiotemporal transfer of electricity [20]. Targeting different application scenarios, the 

charging process can be accomplished with an HP, an electric heater, or any other tech-

nology. Likewise, in the discharging process, any heat engine technology, including Ran-

kine cycles and Brayton cycles, can be used [18]. Compared with electrochemical energy 

storage, a Carnot ba�ery has a relatively high security, low cost, and high efficiency [21]. 

Therefore, research has been conducted to explore the performance of Carnot ba�eries. 

In terms of an HP-ORC Carnot ba�ery, Yu et al. [22] designed three subcritical sys-

tems employing R1233zd(E) as a working fluid, namely a basic HP-ORC, reversible HP-

ORC, and reversible HP-ORC with shared turbomachinery. Comparison results showed 

that the reversible HP-ORC is be�er thermo-economically when considering energy effi-

ciency, exergy efficiency, and LCOS comprehensively. Steger et al. [23] designed a reversi-

ble HP-ORC Carnot ba�ery operating in a subcritical state and used a multi-criteria deci-

sion-making method to determine the thermal storage temperature and working fluid. 

The results indicated that when using R1233zd(E), the maximum RTE (59%) of the ba�ery 

can be obtained at a storage temperature of 120 °C. Additionally, to improve the overall 

performance of the Carnot ba�ery, extra heat sources were also introduced. For instance, 

Scharrer et al. [24] proposed a reversible HP (20 kW)-ORC (7–13 kW) Carnot ba�ery cou-

pled with photovoltaics, and the used working fluid was R1233zd(E). Under German mar-

ket conditions, researchers explored the feasibility of using a Carnot ba�ery to power res-

idential units. Research showed that the system can power a community of 10–30 houses 

with an investment payback period of 14 years. Staub et al. [25] developed a reversible 

and subcritical HP-ORC Carnot ba�ery combined with waste heat sources. The working 

fluid R365mfc was considered. Numerical simulation results outlined that the RTE of the 

system in the megawa� range can reach up to 70%, when the efficiencies of turbines and 

compressors are higher. Dumont et al. [26] described a thermally integrated reversible 

HP-ORC Carnot ba�ery using R1233zd(E) as a working fluid. At an air temperature of 15 
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°C and waste heat temperature of 75 °C, the RTE of the system reaches 101%. Frate et al. 

[27] designed two different layouts for a subcritical HP-ORC Carnot ba�ery with low-

grade thermal energy integration, a basic layout and a layout with internal regeneration. 

Meanwhile, optimal working fluid combinations for the two layouts were screened. More-

over, a multi-objective optimization was conducted to analyze and compare the optimal 

theoretical performances of the two different layouts. The results indicated that the best-

performing working fluid combinations are Cyclopentane–Cyclopentane and Pentane–

R245fa for regenerated and non-regenerated layouts, respectively. In the multi-objective 

framework, the introduction of regeneration has a significant effect, which can increase 

RTE by 32%. Niu et al. [28] proposed an HP-ORC Carnot ba�ery coupled with trough 

solar collector and constructed models of a basic Carnot ba�ery and Carnot ba�ery with 

a regenerator. Then, multi-objective optimization was carried out by TOPSIS. Results in-

dicated that when the system with a regenerator employs working fluid R245fa-R601, the 

optimal LCOS and RTE can reach 0.168 USD/kW∙h and 454.14%, respectively. 

In the above existing research, research on subcritical Carnot ba�eries has been more 

prevalent, while studies on transcritical configurations remain relatively limited in certain 

aspects. While some research examines working fluid selection, it primarily optimizes flu-

ids for specific layouts rather than systematically analyzing the impact of cycle state com-

binations on overall system performance. Additionally, the aforementioned research has 

demonstrated the effectiveness of the Carnot ba�ery by coupling with low-grade waste 

heat, but their application scenarios are largely confined to residential and industrial set-

tings, with li�le a�ention given to DCs. Theoretically, an HP-ORC Carnot ba�ery is easy 

to combine with the energy system of the user side to achieve electricity storage. There-

fore, for the energy storage requirements of DCs, a Carnot ba�ery can recover the waste 

heat of the DC by HPs and produce electricity by power cycles, providing a promising 

solution for energy recovery and storage. 

1.4. Purpose of This Study 

Based on the above literature review, to the best of the authors’ knowledge, few stud-

ies have investigated the performances of Carnot ba�eries under the application scenario 

of DCs. Therefore, this paper presents an HP-ORC Carnot ba�ery to promote the devel-

opment of green data centers and reduce the operation cost of liquid-cooled DCs. The 

ba�ery employs HPs to extract the waste heat generated by the DC, and the electricity is 

stored in the form of high-temperature thermal energy. When electricity is needed, the 

stored thermal energy drives the ORC to output electricity under the environmental cold 

source. 

To comprehensively investigate the performances of a Carnot ba�ery coupled with a 

DC, thermo-economic models are developed. Meanwhile, considering the fact that the 

performances of HPs and ORCs are closely related to the operation conditions and work-

ing fluids, four different cycle combinations of HP and ORC are investigated here, and 

different fluids for HPs and ORCs are adopted to screen the optimal fluids for each bat-

tery. On this basis, the performance of these four ba�eries is first analyzed and compared 

under the design conditions to explore the cycle combinations with optimal performance. 

Thereafter, the effects of key parameters on system performance are revealed. Finally, the 

corresponding operating parameters under optimal operating conditions are obtained 

with RTE as the optimization target, and the performance of the four ba�eries is analyzed 

and discussed. 

The main innovations of this study are as follows: 

(1) Investigating the feasibility and techno-economic benefits of employing Carnot bat-

teries for waste heat recovery in liquid-cooled DCs. 
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(2) Analyzing different HP-ORC cycle state combinations by selecting appropriate 

working fluid combinations to evaluate system performance. 

(3) Optimizing the proposed Carnot ba�ery with RTE as the optimization target. 

2. System Description 

Under the same cold and heat source conditions, different working fluids will exhibit 

different cycle states due to their different thermodynamic properties. Theoretically, both 

HPs and ORCs can operate in the subcritical or transcritical regions of working fluids. 

Therefore, four types of Carnot ba�eries are considered in this study. The cycle combina-

tions of four ba�eries are shown in Table 1. 

Table 1. Cycle combinations of four Carnot ba�eries. 

System Heat Pump Organic Rankine Cycle 

SHP-SORC Subcritical cycle Subcritical cycle 

SHP-TORC Subcritical cycle Transcritical cycle 

THP-SORC Transcritical cycle Subcritical cycle 

THP-TORC Transcritical cycle Transcritical cycle 

Considering that the layouts of the system are similar, here, the layout is described 

by taking the subcritical HP and ORC as an example, as shown in Figure 1. It can be found 

that the Carnot ba�ery consists of an HP, a thermal storage loop, and an ORC. During the 

charging process, the HP operates as follows: initially, the working fluid passes through 

Evaporator1 to absorb heat from the coolant of the liquid-cooled DC (5→2) and then flows 

into the Compressor to further increase the pressure and temperature (2→3). Thereafter, 

the fluid undergoes heat exchange with pressurized water in the Cold water tank within 

Condenser1 (3→4). Finally, the fluid enters the Thro�le valve for further cooling and pres-

sure reduction (4→5) before returning to Evaporator1 to complete the cycle. In the mean-

time, the cold water absorbs the condensation heat from the HP to become the hot water 

in the thermal storage loop. During the discharging process, the ORC working fluid ab-

sorbs the stored thermal energy in Evaporator2 (6→7) and then flows into the Turbine to 

expand and output electricity (7→8). The expanded fluid then enters Condenser2 for fur-

ther cooling (8→9). Finally, the fluid is pressured by the Pump and completes the cycle 

(9→6). When the Carnot ba�ery is inactive, waste heat from the DC’s liquid cooling loop 

is dissipated to the environment via an air-cooled Regenerator, ensuring stable thermal 

management. 
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Figure 1. Schematic diagram of the SHP-SORC. 
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For the four considered systems, the corresponding T- s  diagrams are provided in 

Figure 2. It can be found that when the working fluid has a higher critical temperature, 

the system operates in the subcritical region. This means that the HP fluid is condensed 

by cold water, and the ORC fluid is evaporated by hot water. Due to the fact that the 

temperature keeps constant in the process of phase change, the pinch points of the HP 

condensation and ORC evaporation are usually located at the bubble or dew point, as 

shown in Figure 2a. As a comparison, when the working fluid has a lower critical temper-

ature, the state of the fluid at the highest temperature will be located at the supercritical 

region. Under this condition, the HP fluid is cooled by cold water, and the ORC fluid is 

heated by hot water, as shown in Figure 2d. Since the fluid temperature continuously var-

ies with the heat, there is a be�er temperature match between working fluid and water. 
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Figure 2. T- s  diagrams of four Carnot ba�eries: (a) SHP-SORC; (b) SHP-TORC; (c) THP-SORC; (d) 

THP-TORC. 

3. Model Development 

To investigate the performances of the four Carnot ba�eries, thermo-economic mod-

els are developed here. Similarly, for simplicity, only SHP-SORC is taken as an example 

to present these models. For the other ba�eries, similar equations can be easily derived. 

To simplify the modeling, the following assumptions are applied: 

(1) All components operate under steady-state conditions [29]; 

(2) Neglect pressure drops in pipes or apparatuses [30]; 

(3) Neglect heat loss in pipes and water tanks [23]; 

(4) An isentropic efficiency is applied to the Turbine and the Compressor [30]; 

(5) The thro�ling process is regarded as an isenthalpic process [29]; 

(6) Neglect kinetic energy, potential energy, and frictional losses of working fluid in the 

system [23]. 
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3.1. Energy Model 

Based on the conservation law of mass and energy, the models for the main compo-

nents in the system are, respectively, presented in Table 2. 

Table 2. Energy balance models for the proposed system. 

Cycle Type Components Energy Balance Models 

Heat pump 

Evaporator1   
f 1 evap1 2 5

/ ( )m Q h h  

Compressor 

   
com f1 3 2

( )W m h h  

      
is,com 3s 2 3 2

( ) / ( )h h h h  

Condenser1 
        

cond1 f1 3 4 w1 h,water lwater
( ) ( )Q m h h m h h  

 
3 4 cond1

min( ) PPTDT T  

Thro�le valve  
4 5

h h  

Thermal storage 

Water tank 

 
water,tot w1 charge

3600M m t  


w2 water,tot discharge

/ / 3600m M t  

Water pump1  
wp1 w1 wp

/W m H  

Water pump2  
wp2 w2 wp

/W m H  

ORC 

Evaporator2 

   
evap2 w2 h,water l,water

( )Q m h h  

  
f2 evap2 7 6

/ ( )m Q h h  

 
7 6 evap2

min( ) PPTDT T  

Turbine 

   
tur f2 7 8

( )W m h h  

      
is,tur 7 8 7 8s

( ) / ( )h h h h  

Condenser2    
cond2 f2 8 9

( )Q m h h  

Pump 

   
p f2 6 9

( )W m h h  

      
is,p 6 9 6s 9

( ) / ( )h h h h  

3.2. Exergy Model 

According to the second law of thermodynamics, the specific exergy at each state 

point in the system can be expressed by the following equation: 

      
i i 0 0 i 0

( )e h h T s s  (1)

For the Carnot ba�eries, the net rate of the exergy provided by the DC waste heat is 

obtained by 

 
DC,aveDC evap1 0

(1 / )e Q T T  (2)
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where TDC,ave is the average temperature that the DC can provide to the HP through the 

liquid cooling cycle, expressed in K. It can be calculated by the coolant inlet and outlet 

temperatures, as shown in Equation (3). 

 
DC,ave ,in ,out ,in ,out

( ) / ln( / )
DC DC DC DC

T T T T T  (3)

where TDC,in and TDC,out represent the inlet and outlet temperatures of the liquid cooling 

loop in the DC at Evaporator 1, expressed in K. 

According to the exergy balance equations, the exergy destruction in different com-

ponents can be determined, as summarized in Table 3. 

Table 3. Exergy destruction in different components for the proposed system. 

Cycle Type Components Exergy Destruction 

Heat pump 

Evaporator1       
   

evap1 charge f1 0 2 5 2 5 DC,ave
( ) ( ) /I t m T s s h h T  

Compressor      
com charge f1 2 3 com

( )I t m e e W  

Condenser1           
cond1 charge f1 3 4 w1 l,water h,water

( ) ( )I t m e e m e e  

Thro�le valve    
tv charge f1 4 5

( )I t m e e  

ORC 

Condenser2       
   

cond2 discharge f2 0 9 8 9 8 tow,ave
( ) ( ) /I t m T s s h h T  

Pump      
  

p discharge f2 9 6 p
( )I t m e e W  

Evaporator2           
evap2 discharge f2 6 7 w2 h,water l,water

( ) ( )I t m e e m e e

Turbine      
  

tur discharge f2 7 8 tur
( )I t m e e W  

3.3. Economic Model 

The economic analysis is a vital aspect in the actual engineering construction. The 

total costs of the Carnot ba�ery proposed in this paper include the total initial investment 

cost and operation and maintenance costs. The initial investment costs of each component 

in the system are listed in Table 4. 

Table 4. Cost calculation formula of each component. 

Component Variable 1 Cost Function (Cref) Currency Ref. 

Heat exchanger Ai (m2)  [146 73( )] / 2m p if f A Er  USD 2017 [31] 

Compressor (kPa), (kg/s)P m   f1 3 1 3 1 is,com39.5 ( / )ln( / )/(0.9- )m P P P P  USD 2017 [32] 

Turbine (kPa), (kg/s), ( )P m T K     70.036 54.4
f2 tur 7 8479.34[ / (0.93 )]ln( / )(1 )Tm P P e  USD 2013 [33] 

Pump 
p(kW)W   0.8

p1120W  USD 2012 [34] 

Storage tank 3(m )V  tk tk167.19C ErV  USD 2017 [35] 

Working fluid - 2% of the total initial investment cost USD - 

1 All variables in Table 4 are presented with their respective units. In case of any discrepancies be-

tween the nomenclature and the table, the units provided in Table 4 should be used for calculations. 

In Table 4, Ai represents the heat exchange areas; it can be calculated as 
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 /i i i mA Q U F T  
(4)

where ∆Tm is the logarithmic average temperature difference of the heat transfer process, 

which is defined as 

            m H,in C,out H,out C,in H,in C,out H,out C,in( ) ( ) / ln ( ) / ( )T T T T T T T T T  (5)

where F is the correction efficiency of ∆Tm, which is assumed as value 1 in this study [36]. 

U represents the overall heat transfer coefficient of the heat transfer process, and the val-

ues for different working fluid pairs refer to the research results of Coker [37]. Addition-

ally, Er is the exchange rate of the Euro and U.S. dollar, which is assumed to be 1.0854. fm 

and fp stand for the material factor and pressure factor of heat exchangers, expressed as 

2.3 and 1.2, respectively [31]. 

Since the costs of the intake water and the Thro�le valve are small compared to those 

of the other components, they are neglected in the present work [38]. In addition, the 

Chemical Engineering Plant Cost Index (CEPCI) for the year 2023 is used to update the 

purchase component cost [39]. The total initial investment cost in 2023 can be expressed 

as 

 invest ref 2023 ref(CEPCI / CEPCI )C C  (6)

where CEPCIref corresponds to the CEPCI value for the year in which the cost formula was 

referenced, and CEPCI2023 is the value of CEPCI for the year 2023. 

3.4. Performance Evaluation Indexes 

For the Carnot ba�eries, electricity is consumed by the HP to raise the temperature 

of DC waste heat. To evaluate the corresponding performance, COP is employed, as 

shown in the following equation: 

  
cond1 com

/COP Q W  (7)

The purpose of the ORC is to convert stored thermal energy into electricity for exter-

nal output. ORC thermal efficiency is defined as the ratio of the net power output to heat 

absorption capacity; the corresponding thermal efficiency can be expressed as 

   
ORC net evap2

/W Q  (8)

where 
net

W  is the net power output of the ORC. It is defined as the difference between 

the power output of the Turbine and the power consumed by the Pump, namely 

   
net tur p

W W W  (9)

This study defines round-trip efficiency (RTE) to evaluate the electricity conversion 

performance of the Carnot ba�ery. It is calculated as the ratio of the total electricity gen-

eration during the discharging process to the total electricity consumption during the 

charging process [40]. The expression is as follows: 

  
discharge net charge com

RTE /t W t W  (10)

The Carnot ba�ery proposed in this study utilizes the input electricity to increase the 

DC waste heat temperature and stores it in the hot water tank during the charging process. 

Meanwhile, the pressurized water in the Cold water tank is pumped to the Hot water tank 

by Water pump1. Thereafter, the heat of the hot water is converted to electricity by the 

ORC when there is a demand for electricity. At this point, the pressurized water is 
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pumped back to the Cold water tank via Water pump2. Hence, the exergy efficiency of 

the system is defined by 

             
   

exergy discharge net wp2 charge DC com wp1
( ) / ( )t W W t e W W  (11)

The total system cost of Carnot ba�eries can be expressed as [14] 

tot invest site instal eng conting= + + + +C C C C C C  (12)

In the formula, Cinvest is the total initial investment cost. As for other costs, the corre-

sponding functions can be found in Table 5. 

Table 5. Cost calculation formula of the Carnot ba�ery system. 

Equations Description 

site invest0.1C C  Cost of site development 

instal invest0.2C C  Cost of installation of equipment 

eng invest site instal0.05( + + )C C C C  
Cost of engineering, planning, and manage-

ment of the plant construction 

conting invest site instal0.1( + + )C C C C  Contingency cost 

The system cost is introduced as a normalized economic index to evaluate the eco-

nomic feasibility of different Carnot ba�ery configurations. It is defined as the total system 

cost divided by the total power generation (in kW∙h) of the ORC over the discharging 

period, given by 

sys tot net discharge= / /C C W t  (13)

4. Working Conditions and Working Fluids 

4.1. Working Conditions 

Assume that the considered DC comprises 1000 servers, and the heat release of each 

server is 154 W, which is based on the DC cooling load in the low server utilization sce-

nario proposed by Marshall et al. [13]. Meanwhile, the charging time of the Carnot ba�ery 

is set to 8 h, and the discharging time is 7 h, following the electricity pricing policy of 

Guangzhou, China, where off-peak electricity is available from 00:00 to 08:00, and peak 

pricing occurs from 10:00 to 12:00 and 14:00 to 19:00 [14]. Moreover, due to the limitations 

of liquid cooling technology in DCs, the inlet and outlet temperatures of the coolant in 

Evaporator1 are set to 70 °C and 60 °C, respectively. At this time, the outlet temperature 

of HP working fluid in Evaporator1 is set at 65 °C, where the superheat temperature of 

vapor is 5 °C to avoid damage to the Compressor. For the purpose of subsequent system 

performance analysis, a set of parameters defining the design conditions is provided in 

Table 6. 

Table 6. Parameters of the Carnot ba�eries under design conditions. 

Operating Parameters Symbol Value Ref. 

Coolant inlet temperature of Evaporator1 DC,in
T  70 °C - 

Coolant outlet temperature of Evaporator1 DC,out
T  60 °C - 

Coolant pressure coolant
P  0.1 MPa - 
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Charging time charge
t  8 h [14] 

Ambient temperature 0
T  30 °C - 

Evaporator1 heat absorption 
evap1

Q  154 kW [13] 

Evaporating temperature 1
T  60 °C - 

Evaporator1 superheat temperature sup,HP
T  5 °C - 

Compressor isentropic efficiency 
is,com

 85% [13] 

Compressor outlet temperature 3
T  110 °C - 

PPTD in Evaporator1 evap1PPTD  5 °C - 

PPTD in Condenser1 (Cooler1) cond1(c1)PPTD  5 °C - 

Hot water tank temperature h,water
T  100 °C - 

Cold water tank temperature l,water
T  60 °C - 

Water storage tank pressure water
P  0.15 MPa - 

Head of water pump H 10 m - 

Water pump efficiency 
wp  85% [13] 

Discharging time discharge
t  7 h [14] 

Evaporating temperature of subcritical ORC evap,ORC
T  63 °C - 

Condenser2 (Cooler2) outlet temperature 9T  30 °C - 

PPTD in Evaporator2 (Heater2) evap2(h2)PPTD  5 °C - 

PPTD in Condenser2 cond2PPTD  5 °C - 

Turbine isentropic efficiency 
is,tur

 85% [28] 

Pump isentropic efficiency 
is,p  85% [13] 

4.2. Selection of Working Fluids 

For the four Carnot ba�eries proposed in this study, it is necessary to carefully select 

working fluids due to the different critical parameters. After considering factors such as 

thermophysical properties, safety, and economy of working fluids commonly applied in 

the literature [41,42] and engineering, the 10 fluids shown in Table 7 were ultimately cho-

sen. Moreover, properties such as molecular mass and critical temperature are also listed 

in the table. 

Table 7. Thermodynamic properties of working fluids. 

Working 

Fluid 

Molecular 

Mass 

(kg/kmol) 

GWP 

Critical 

Tempera-

ture (°C) 

Critical 

Pressure 

(MPa) 

Type Heat Pump ORC 

R134a 102.03 1300 101 4.06 Wet Subcritical - 

R600a 58.12 20 135 3.64 Dry Subcritical - 

R227ea 170.03 0.76 102 2.93 Dry Transcritical - 

R290 44.1 20 97 4.25 Wet Transcritical - 
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R1234ze 114.04 6 110 3.64 Wet Subcritical Subcritical 

R245fa 134.05 950 154 3.64 Dry - Subcritical 

R236ea 152 7.8 139 3.4 Dry - Subcritical 

R143a 84.04 3800 73 3.76 Wet - Transcritical 

R125 120.02 3137 66 3.59 Wet - Transcritical 

R218 188.02 8600 72 2.68 Dry - Transcritical 

5. System Optimization 

Based on the above established thermo-economic models and design parameters, the 

MATLAB R2021a platform is used to develop the corresponding model code, and 

REFPROP 9.0 is employed to calculate the physical properties of the selected working 

fluids. It should be noted that in order to meet the constraint of the PPTDs, the outlet 

temperature of Condenser1 or Cooler1 is iterated for HPs, and the outlet temperature of 

Evaporator2 or Heater2 is iterated for ORCs. Taking SHP-SORC as an example, the calcu-

lation flow chart is provided in Figure 3. It can be observed that the chart mainly consists 

of two sections, corresponding to the calculations of HP and ORC. 

Start

Input: T1, T3, Th,water, Tl,water, T9, Tsup,HP, 
Tevap,ORC, ηis,com,  ηis,p, ηis,tur, Qin, PPTDcond1, 

PPTDevap2, tcharge, tdischarge

Calculation of the evaporator1 outlet and 
compressor

Assume T4: Tl,water+PPTDcond1<T4<T3−1; 

Calculation of h4, h3  and mwater1

Calculation of ΔTmin in condenser1

Is δ1 minimum?

Calculation of h4 and mwater1

Calculation of the condenser2 outlet

Assume T7: 
Tevap,ORC+1<T7<Th,water−PPTDevap2; 

Calculation of P7, h7, mf2 and h6

Calculation of ΔTmin in evaporator2

Is δ2 minimum?

Calculation of h8 and mwater2

Calculation of pump, condenser2, and 
turbine

Yes

No

Calculation of Mwater,total

|ΔTmin in condenser−PPTDcond1|=δ1

Calculation of throttle valve

|ΔTmin in evaporator−PPTDevap2|=δ2

Yes

No

Heat 

pump

Organic 

Rankine 

cycle

Output system parameters at each point

End

Output performance evaluation indexes

 

Figure 3. Calculation flow chart of the SHP-SORC. 

After evaluating the design performance of system, the optimization objective is clar-

ified, and the operational parameters are optimized for optimal system performance. Sim-

ilarly, the optimization process of SHP-SORC is described in detail below. 

The optimization objective is to achieve maximum RTE. The COP should be firstly 

maximized to realize the objective. Compressor outlet temperature has a great influence 

on COP, so it is crucial to find the maximum COP by iterating the Compressor outlet tem-

perature. Furthermore, when the Compressor outlet temperature varies, the Hot water 

tank temperature needs to be simultaneously varied to achieve the maximum possible 

heat exchange under the constraint of PPTDcond1 or PPTDc1. As shown in Figure 4, in the 

HP, the iteration starts with the design parameter of Compressor outlet temperature, and 
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then the temperature range of the Hot water tank is determined accordingly. Thereafter, 

parameters of each point can be derived, and COP can be determined. Finally, the maxi-

mum COP is obtained by iterating the Compressor outlet temperature and Hot water tank 

temperature in return. After optimizing the HP, the total mass of pressurized water is 

regained, which is the later used in the calculation of the ORC. 

The main purpose of the ORC is to convert as much of the stored thermal energy as 

possible into electricity. Therefore, the optimization objective of the ORC is to maximize 

the net power output. In the ORC, the evaporating temperature is considered as the iter-

ative parameter, and the superheat temperature in Evaporator2 is set at this time. As the 

location of the pinch point in Evaporator2 is known, the outlet temperature of pressurized 

water on the thermal storage loop can be obtained. The net power output is then derived 

under the given conditions. Finally, the evaporating temperature under the maximum net 

power output is calculated by satisfying the constraint of evap2PPTD  and the tempera-

tures of pressurized water. At this point, the maximum RTE can be determined. 

Start

Input: T1, Tl,water, Tsup,HP, T9, Tsup,ORC, 
ηis,com,  ηis,p, ηis,tur, Qin, PPTDcond1, 

PPTDevap2, tcharge, tdischarge

Calculation of the condenser1 outlet 
and Tcond,HP

Calculation of the evaporator1 outlet and 
compressor inlet

Assume T4: 
Tl,water+PPTDcond1<T4<Tph,HP−1; 

Calculation of h4, h3  and mwater,HP

Calculation of ΔTmin in condenser1

Assume T3: 110>T3>T2+10; 

Assume Th,water: 
100<Th,water<T3−PPTDcond1

Is δ1 minimum?

Yes

|ΔTmin in condenser−PPTDcond1|=δ1

Yes

Calculation of h4, mf1 and mwater1

Calculation of throttle valve

Calculation of COP  

No

No

Calculation of condenser2 outlet

Assume Tevap,ORC: 40<Tevap,ORC<70

Calculation of evaporator2

Calculation of mf2 with the dew point 
temperature and PPTDevap2

Calculation of Tout,water

Calculation of h8, h9

Is Tout,water>Tl,water?

Output system parameters at each point

End

Is Wnet maximum?

Calculation of Wp, Wtur, Wnet

Yes

Yes

No

No

Calculation of Wcomp, Qcond1 and Mwater,total

No

Yes

Is Th,water maximum?

Is COP maximum?

Output performance evaluation indexes

Calculation of mwater2 with Mwater,total and 
tdischarge

Heat 

pump

Organic 

Rankine 

cycle

 

Figure 4. System optimization chart of the SHP-SORC. 
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6. Results and Discussion 

Based on the given design conditions, four ba�eries are firstly simulated to investi-

gate the effects of working fluid combinations. Thereafter, the working fluid combinations 

that maximize system performance for each ba�ery are identified, and the performances 

of the four ba�eries are achieved. Furthermore, the effects of key parameters on system 

performance for the four ba�eries are analyzed and compared. Finally, by comparing the 

performance of each ba�ery under the design and optimized conditions, the optimization 

potential of each ba�ery is determined, along with identifying the optimal ba�ery under 

optimized conditions. The specific results and discussion are provided in the following 

subsections. 

6.1. Design Performance for Different Working Fluid Combinations 

As stated in Section 4.2, this study employs various working fluid combinations for 

each ba�ery. The sensitivity analysis of the fluids in SHP-SORC is exhibited in Table 8. In 

SHP-SORC, when R134a is designated as the HP working fluid, its amalgamation with 

any ORC working fluid yields a superior RTE in comparison to other fluid combinations 

within the identical ORC working fluid configuration. Thus, R134a is chosen as the HP 

working fluid. The system demonstrates a maximum RTE of 62.91% when selecting the 

ORC working fluid R245fa. Moreover, the exergy efficiency also reaches its maximum 

value of 32.27% under this combination. Therefore, R245fa is selected as the ORC working 

fluid. 

Table 8. Performance of SHP-SORC under different working fluid combinations. 

Working Fluid 

Combinations 

(HP/ORC) 

Heat Pump 

COP 

ORC Thermal 

Efficiency (%) 

Round-Trip 

Efficiency (%) 

Exergy 

Efficiency (%) 

R134a/R245fa 8.59 7.32 62.91 32.27 

R134a/R236ea 8.59 7.05 60.59 31.08 

R134a/R1234ze 8.59 7.20 61.87 31.74 

R600a/R245fa 7.53 7.32 55.15 30.35 

R600a/R236ea 7.53 7.05 53.11 29.23 

R600a/R1234ze 7.53 7.20 54.24 29.85 

R1234ze/R245fa 8.25 7.32 60.04 31.68 

R1234ze/R236ea 8.25 7.05 58.17 30.51 

R1234ze/R1234ze 8.25 7.20 59.4 31.16 

Being similar with the above analysis, when the selected working fluid combination 

is R134a/R143a, SHP-TORC has the highest RTE of 76.42%, and a maximum exergy effi-

ciency of 39.21%, as shown in Table 9. In addition, Table 10 reveals the RTE and exergy 

efficiency with different working fluid combinations for THP-SORC. From the perspective 

of thermodynamic performance, R290/R245fa is selected as the working fluid combina-

tion. At this time, the RTE is 60.49%, and the exergy efficiency is 31.70%. In Table 11, when 

the working fluid combination is R290/R143a, THP-TORC has the largest RTE of 73.48%, 

and the largest exergy efficiency of 38.52%. 

Table 9. Performance of SHP-TORC under different working fluid combinations. 

Working Fluid 

Combinations 

(HP/ORC) 

Heat Pump 

COP 

ORC Thermal 

Efficiency (%) 

Round-Trip 

Efficiency (%) 

Exergy 

Efficiency (%) 

R134a/R143a 8.59 8.90 76.42 39.21 
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R134a/R218 8.59 7.69 66.07 33.90 

R134a/R125 8.59 7.91 67.95 34.86 

R600a/R143a 7.53 8.90 66.99 36.88 

R600a/R218 7.53 7.69 57.92 31.88 

R600a/R125 7.53 7.91 59.57 32.79 

R1234ze/R143a 8.25 8.90 73.37 38.49 

R1234ze/R218 8.25 7.91 63.44 33.28 

R1234ze/R125 8.25 7.91 65.24 34.22 

Table 10. Performance of THP-SORC under different working fluid combinations. 

Working Fluid 

Combinations 

(HP/ORC) 

Heat Pump 

COP 

ORC Thermal 

Efficiency (%) 

Round-Trip 

Efficiency (%) 

Exergy 

Efficiency (%) 

R290/R245fa 8.26 7.32 60.49 31.70 

R290/R236ea 8.26 7.05 58.26 30.53 

R290/R1234ze 8.26 7.20 59.49 31.18 

R227ea/R245fa 8.10 7.32 59.29 31.41 

R227ea/R236ea 8.10 7.05 57.10 30.25 

R227ea/R1234ze 8.10 7.20 58.31 30.89 

Table 11. Performance of THP-TORC under different working fluid combinations. 

Working Fluid 

Combinations 

(HP/ORC) 

Heat Pump 

COP 

ORC Thermal 

Efficiency (%) 

Round-Trip 

Efficiency (%) 

Exergy 

Efficiency (%) 

R290/R143a 8.26 8.90 73.48 38.52 

R290/R125 8.26 7.91 65.34 34.25 

R290/R218 8.26 7.69 63.53 33.30 

R227ea/R143a 8.10 8.90 72.02 38.16 

R227ea/R125 8.10 7.91 64.04 33.93 

R227ea/R218 8.10 7.69 62.27 32.99 

Table 12 presents the cycle states and working fluid combinations corresponding to 

the four ba�eries, along with the respective RTE and exergy efficiency. In terms of HPs 

and ORCs, it can be concluded that the working fluid remains consistent for the same 

cycle states. Furthermore, among the four Carnot ba�eries, it is evident that the SHP-

TORC exhibits the highest RTE and exergy efficiency values under the design conditions. 

Table 12. The cycle types and working fluid combinations of the four ba�eries. 

System 
Heat  

Pump 

Organic 

Rankine Cycle 

Working Fluid 

Combination 

Round-Trip 

Efficiency 

(%) 

Exergy 

Efficiency 

(%) 

SHP-SORC Subcritical Subcritical R134a/R245fa 62.91 32.27 

SHP-TORC Subcritical Transcritical R134a/R143a 76.42 39.21 

THP-SORC Transcritical Subcritical R290/R245fa 60.49 31.70 

THP-TORC Transcritical Transcritical R290/R143a 73.48 38.52 

In Carnot ba�eries, the thermal storage loop directly affects system performance. In 

this regard, heat exchanges between fluids and pressurized water in the HP and ORC are 

illustrated in Figure 5. It can be observed that the pinch point between the HP fluid and 

the pressurized water consistently occurs at the inlet of Condenser1 (Cooler1). Addition-

ally, when the ORC is in a subcritical state, the presence of latent heat results in poorer 
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temperature matching performance between the ORC fluid and the pressurized water. 

Conversely, when the ORC is in a transcritical state, the temperature difference between 

the ORC fluid and the pressurized water is smaller. To sum up, SHP-TORC and THP-

TORC exhibit be�er temperature matching performance. 
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Figure 5. Heat exchange between fluids and pressurized water for the four ba�eries: (a) SHP-SORC; 

(b) SHP-TORC; (c) THP-SORC; (d) THP-TORC. 

Figure 6 details the calculated parameters for each point of the four ba�eries after 

identifying the working fluid combinations. In addition, Table 13 lists the key parameters 

for the charging and discharging processes of the four ba�eries. From the calculation re-

sults shown below, it can be seen that in the charging process, the four ba�eries absorb 

the same amount of heat from the DC, and the Compressor outlet temperature is also 

assumed to be the same. As a result, the heat absorption of pressurized water and the 

electricity consumption of the Compressor in SHP-SORC and SHP-TORC is equal due to 

the same cycle state of the HP, as well as with THP-SORC and THP-TORC. In addition, 

since the pressure of a subcritical HP is smaller than that of a transcritical HP, the power 

consumption (21.21 kW) in THP-SORC and THP-TORC is greater than that (20.29 kW) in 

SHP-SORC and SHP-TORC. Similarly, in the discharging process, both SHP-TORC and 

THP-TORC have relatively large electricity generation because of the higher ORC pres-

sure, corresponding to 17.72 kW and 17.81 kW, respectively. In the same way, SHP-SORC 

produces slightly less electricity than THP-SORC, namely 14.59 kW and 14.67 kW. Fur-

thermore, it can also be concluded that the cycle state of the ORC has a greater impact on 

system performance. Through comprehensive analysis of the obtained results, SHP-TORC 
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has the highest RTE (76.42%), followed by THP-TORC (73.48%), SHP-SORC (62.91%), and 

THP-TORC (60.49%). 
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Figure 6. State parameters of each point in the Carnot ba�eries: (a) SHP-SORC; (b) SHP-TORC; (c) 

THP-SORC; (d) THP-TORC. 
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Table 13. Important parameters for the charging and discharging processes of the four ba�eries. 

 SHP-SORC SHP-TORC THP-SORC THP-TORC 

Data center cooling load 154 kW 

Charging parameters 20.29 kW × 8 h 21.21 kW × 8 h 

Discharging parameters 14.59 kW × 7 h 17.72 kW × 7 h 14.67 kW × 7 h 17.81 kW × 7 h 

Round-trip efficiency (%) 62.91 76.42 60.49 73.48 

Exergy efficiency (%) 32.27 39.24 31.70 38.52 

The exergy destruction of the main components is listed in Figure 7 for the four bat-

teries. From Figure 7, it can be observed that the differences in exergy destruction of Evap-

orator1 are relatively insignificant from an overall standpoint. Similar observations apply 

to the Compressor. For Condenser1 in SHP-SORC and SHP-TORC, the evaporating tem-

perature of the working fluid in a subcritical HP closely approaches its critical tempera-

ture. Consequently, the heat transfer temperature matching of Condenser1 in a subcritical 

HP is not markedly different from that of Cooler1 in a transcritical HP, as shown in Figure 

5. Hence, the difference in exergy destruction in Condenser1 or Cooler1 among the four 

ba�eries is minimal. However, the exergy destruction of the Thro�le valve in THP-SORC 

and THP-TORC is relatively high due to the higher pressure drop in the transcritical HP. 

Additionally, ba�eries with identical HP states present the same exergy destruction of 

components. Moreover, owing to the superior temperature matching of Heater2 in SHP-

TORC and THP-TORC, the exergy destruction of Heater2 is much smaller than that of 

Evaporator2 in SHP-SORC and THP-SORC. Meanwhile, due to pressure effect in the ORC, 

the exergy destruction of the Turbine and Pump in SHP-TORC and THP-TORC is rela-

tively high. Additionally, since the temperature difference of Condenser2 is larger in the 

subcritical ORC, the exergy destruction of Condenser2 is higher in SHP-SORC and THP-

SORC. Similarly, in the same ORC state, the working fluid combination and design pa-

rameters are identical, thus resulting in li�le difference in their exergy destruction of com-

ponents. Combining the above data, it can be concluded that THP-SORC has the highest 

total exergy destruction at 209.64 kW·h, followed by SHP-SORC (203.21 kW·h), THP-

TORC (188.06 kW·h), and SHP-TORC (181.75 kW·h). However, exergy efficiency follows 

the reverse order. 
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Figure 7. Comparison of the exergy destruction of main components in the four Carnot ba�eries. 
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Table 14 unveils the economic performance across the four ba�eries. In SHP-SORC 

and THP-SORC, Evaporator1 constitutes the highest percentage of the total system cost, 

followed by Condenser1. In SHP-TORC and THP-TORC, Evaporator1 retains its status as 

the foremost component cost, trailed by the Turbine and Condenser1. Moreover, the total 

system costs of SHP-TORC and THP-TORC are comparatively high. This is because the 

costs of the Turbine and Pump are much higher when the ORC is in a transcritical state, 

which is caused by the higher pressure ratio. In addition, the lower Compressor cost in a 

transcritical HP makes THP-TORC less expensive than SHP-TORC. In terms of system 

cost, the obtained values for the four systems fall within the range reported in [18], con-

firming the consistency of the results with existing studies. Overall, SHP-SORC and SHP-

TORC have higher system costs due to lower power generation, whereas THP-SORC and 

THP-TORC achieve lower system costs with higher power generation. 

Table 14. Economic performance comparison between the four Carnot ba�eries. 

 SHP-SORC SHP-TORC THP-SORC THP-TORC 

Evaporator1 (k USD) 10.98 10.98 10.98 10.98 

Condenser1 (k USD) 8.07 8.07 8.11 8.11 

Evaporator2 (k USD) 5.10 4.54 5.13 4.56 

Condenser2 (k USD) 3.10 7.16 3.11 7.20 

Turbine (k USD) 7.67 10.66 7.71 10.72 

Pump (k USD) 0.48 4.45 0.48 4.47 

Water pump1 (k USD) 0.04 0.04 0.04 0.04 

Water pump2 (k USD) 0.05 0.05 0.05 0.05 

Compressor (k USD) 2.24 2.24 0.96 0.96 

Hot water tank (k USD) 7.89 7.89 7.93 7.93 

Cold water tank (k USD) 7.69 7.69 7.73 7.73 

Working fluid (k USD) 1.07 1.28 1.04 1.26 

Csite (k USD) 5.44 6.50 5.33 6.40 

Cinstal (k USD) 10.87 13.01 10.66 12.80 

Ceng (k USD) 3.53 4.23 3.46 4.16 

Cconting (k USD) 7.07 8.46 6.93 8.32 

Total cost (k USD) 81.29 97.25 79.65 95.69 

System cost (USD/kW∙h) 795.98 783.94 775.86 767.37 

6.2. Effect of Evaporating Temperature in Evaporator1 

For the four ba�eries, Figure 8 presents the variations of system performance with 

evaporating temperature. The temperature varies within 55–60 °C by considering the lim-

itations of liquid cooling technology. As shown in Figure 8a, under a fixed Compressor 

outlet temperature, increasing the evaporating temperature reduces the HP temperature 

difference, thus enhancing the COP for the four ba�eries. Furthermore, a subcritical HP 

consistently outperforms a transcritical HP in COP due to lower power consumption. In 

addition, since the evaporating temperature only affects the operating parameters of the 

HP, ORC thermal efficiency remains constant under a fixed hot water temperature. Simi-

larly, it can be seen that ba�eries in the transcritical ORC state have higher thermal effi-

ciency. 

Figure 8b illustrates the trend of RTE as a function of evaporating temperature. It can 

be observed that RTE shows an upward trend. This is mainly a�ributed to the decrease of 

Compressor power consumption. For the four ba�eries, the RTE variations are all similar, 

and SHP-TORC demonstrates the maximum RTE. On average, for every 1 °C increase in 

evaporating temperature, RTE increases by 1.84%. From Figure 8c, the trends for exergy 

efficiency are similar to those of RTE. The reduction of Compressor power consumption 
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plays a dominant role in improving the exergy efficiency. On average, for every 1 °C in-

crease, exergy efficiency increases by 0.24%. 

Figure 8d demonstrates the effect of evaporating temperature on the system cost. As 

the evaporating temperature increases, system costs decline to varying degrees, primarily 

due to reduced Compressor costs. This reduction stems from lower Compressor power 

consumption at higher evaporating temperatures. Consequently, the total system cost de-

creases. Additionally, as power generation decreases with rising evaporating tempera-

ture, the system cost declines further due to simultaneous reductions in total cost and 

power output. On average, a 1 °C increase lowers system costs by 1.11 USD/kWh for SHP-

SORC and SHP-TORC, and by 0.03 USD/kWh for THP-SORC and THP-TORC. 
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Figure 8. Effects of the evaporating temperature of HPs on system performance: (a) COP and ORC 

thermal efficiency, (b) RTE, (c) exergy efficiency, (d) system cost. 

6.3. Effect of Temperature in Cold Water Tanks 

To explore the impact of Cold water tank temperature, Figure 9 presents the varia-

tions of system performance in the temperature range of 60–65 °C. As shown in Figure 9a, 

with the temperature increases, COP shows a downward trend in overall terms. It can be 

explained by the fact that at a higher Cold water temperature, the Condenser1 (Cooler1) 

outlet temperature rises, thus increasing its outlet enthalpy. With the constant of Com-

pressor power consumption at unit mass flow rate, COP decreases with the decrease of 

enthalpy difference between the inlet and outlet of Condenser1 (Cooler1). As for the ORC 

thermal efficiency, when the temperature change does not affect the parameters of each 

point in the ORC under the constraint of PPTDevap2, the thermal efficiency remains con-

stant. 

From Figure 9b, it can be seen that the RTEs of all four ba�eries show a gradual de-

clining trend, which can be explained by Equation (10). The RTE tends to decrease due to 
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the faster growth rate of Compressor power consumption compared to net power output. 

On average, a 1 °C increase reduces RTE by 0.74%. From Figure 9c, consistent with the 

RTE analysis, under the joint influence of several parameters above, the exergy efficiencies 

of SHP-SORC and THP-SORC show a gradually decreasing trend, decreasing by an aver-

age of 0.20% at a temperature increase of 1 °C. Meanwhile, the exergy efficiencies of SHP-

TORC and THP-TORC first increase then decrease, decreasing by an average of 0.19% at 

a temperature increase of 1 °C. 

Figure 9d shows the relationship between Cold water tank temperature and system 

cost variations. For SHP-SORC and THP-SORC, system costs increase overall, rising by 

4.15 USD/kWh per 1 °C increase. In contrast, SHP-TORC and THP-TORC initially see a 

decline before increasing, with an average rise of 3.55 USD/kWh per 1 °C increase. 
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Figure 9. Effects of the Cold water tank temperature on system performance: (a) COP and ORC 

thermal efficiency, (b) RTE, (c) exergy efficiency, (d) system cost. 
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6.4. Effects of Evaporating Temperature in Evaporator2 

A key variable that affects the ORC thermal efficiency is the evaporating temperature, 

which is closely related to the high pressure in the ORC. Therefore, this section explores 

the impact of evaporating temperature on system performance. Since only the ORCs of 

SHP-SORC and THP-SORC are subcritical, only these two ba�eries are considered here. 

By analyzing the data results shown in Figure 10a, it is evident that changing the 

evaporating temperature has no impact on the HP. For ORC thermal efficiency, a higher 

evaporating temperature leads to an increased pressure ratio in the ORC under the same 

heat absorption of the ORC fluid. As a result, both the value and upward trend of ORC 

thermal efficiency in the two ba�eries are the same within the temperature range. 

Since increasing the evaporating temperature has no effect on the power consump-

tion of the HP, and results in an increase in power generation of the ORC, the RTE in-

creases, as shown in Figure 10b. On average, when the temperature increases by 1 °C, the 

RTE increases by 1.75%. From Figure 10c, being similar to the previous analysis, with the 

increase of temperature, the exergy efficiencies of the two ba�eries increase. For every 1 

°C increase in evaporating temperature, the exergy efficiencies of two ba�eries increase 

by 0.90%. 

For the system cost, the increase in the ORC pressure ratio leads to a varying increase 

in the costs of the Turbine, Pump, and Condenser2. Under the combined effect of increas-

ing ORC power generation and total system cost, the system cost decreases with the in-

crease of evaporating temperature, as seen in Figure 10d. For every 1 °C increase in evap-

orating temperature, the system cost decreases by an average of 19.62 USD/kWh. 
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Figure 10. Effects of evaporating temperature of ORC on system performance: (a) COP and ORC 

thermal efficiency, (b) RTE, (c) exergy efficiency, (d) system cost. 
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6.5. Effects of Outlet Temperature in Condenser2 

The Condenser2 outlet temperature has a considerable impact on ORC thermal effi-

ciency, thereby affecting the overall system performance. In addition, it is also highly cor-

related with the ambient temperature. As a result, in the temperature range of 14–30 °C, 

this section analyzes the impact of altering the Condenser2 outlet temperature on system 

performance. 

Figure 11a shows the curves of COP and ORC thermal efficiency caused by the vari-

ation of Condenser2 outlet temperature. The COP remains unchanged in all four ba�eries, 

consistent with the previous analysis. For ORC thermal efficiency, being similar to the 

analysis in Section 6.4, when the Condenser2 outlet temperature increases, the thermal 

efficiencies for all four ba�eries gradually decrease. 

Figure 11b,c demonstrate the effects of Condenser2 outlet temperature on RTE and 

exergy efficiency, respectively. In the four ba�eries, due to the fact that the Compressor 

power consumption does not change, the RTEs all decrease gradually with a decrease in 

net power output. On average, the RTE decreases by an average of 1.66% for every 1 °C 

increase in temperature. Furthermore, it can be observed that when the Condenser2 outlet 

temperature is 14 °C, the RTE of SHP-TORC can reach 101.30%. This means that the elec-

tricity consumed by the HP can be completely offset by the electricity output from the 

ORC in cold regions. However, the RTE of SHP-TORC is as low as 76.42% when the tem-

perature rises to 30 °C. As a result, the Carnot ba�eries have advantages in cold regions. 

For the exergy efficiency, considering the fact that there is a positive correlation be-

tween the ambient temperature and the Condenser2 outlet temperature, and the ambient 

temperature tends to correlate negatively with the input exergy, so the input exergy de-

creases with the increase of Condenser2 outlet temperature. In addition, the Turbine 

power output also decreases with the temperature increase. Under this comprehensive 

influence, the values of all four ba�eries exhibit a declining trend. Overall, in SHP-SORC 

and THP-SORC, for every 1 °C increase in temperature, the exergy efficiencies decrease 

by an average of 0.45%. In SHP-TORC and THP-TORC, for every 1 °C increase in temper-

ature, the exergy efficiencies decrease by an average of 0.30%. 

In SHP-SORC and THP-SORC, the significant reduction in Turbine costs results in a 

progressive decrease in total system cost. However, the decrease is smaller in SHP-TORC 

and THP-TORC compared to SHP-SORC and THP-SORC, due to the combined effects of 

increased Condenser2 costs and reduced Turbine costs. Consequently, system costs in 

SHP-SORC and THP-SORC increase faster than in SHP-TORC and THP-TORC. As shown 

in Figure 11d, on average, for SHP-SORC and THP-SORC, a 1 °C increase results in a 14.08 

USD/kWh increase, while for SHP-TORC and THP-TORC, the increase is 12.02 USD/kWh. 
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Figure 11. Effects of the Condenser2 outlet temperature on system performance: (a) COP and ORC 

thermal efficiency, (b) RTE, (c) exergy efficiency, (d) system cost. 

6.6. Optimization Performance Comparison of the Four Ba�eries 

In this section, performance of the four HP-ORC Carnot ba�eries is optimized. The 

Compressor outlet temperature is varied to minimize the power consumption in the HP, 

and the Evaporator2 outlet temperature is iterated to maximize the net power output in 

the ORC, so as to get the maximal RTE. 

Table 15 presents the optimized performance of the four ba�eries. For SHP-SORC 

and THP-SORC, since the temperatures of the Hot water tank and Compressor outlet can 

be as small as possible in a transcritical ORC on the basis of complying with the constraint 

of PPTD for each heat exchanger, the COPs rises by a large amount. However, due to the 

decrease in Evaporator2 outlet temperature, the ORC thermal efficiencies slightly de-

crease. Even so, there has been a significant improvement in the RTEs and the exergy ef-

ficiencies. As a comparison, for SHP-TORC and THP-TORC, as their ORCs are transcriti-

cal cycles, the Hot water tank temperature cannot be too low to allow liquid to enter the 

Turbine and cause damage to the Turbine. For this reason, the temperatures of the Com-

pressor outlet and Hot water tank have li�le change compared with the corresponding 

values under the design conditions; thus, the optimized ba�eries have relatively small rise 

in both RTEs and exergy efficiencies. Moreover, it can be seen that after optimization, the 

RTE of SHP-SORC is the highest (82.68%), which is due to the fact that the system has 

minimum electricity consumption and therefore maximum RTE, even if it generates rela-

tively low electricity. Additionally, the total exergy destruction of the optimized systems 

is reduced for the four ba�eries. Thus, the exergy efficiency is slightly increased. Mean-

while, being similar to the analysis under the design conditions, the exergy efficiencies of 

SHP-SORC and THP-SORC are lower, due to the worse temperature matching of heat 

exchangers. 

Table 15. Optimized performance comparison of the four Carnot ba�eries. 

Operating Parameters SHP-SORC SHP-TORC THP-SORC THP-TORC 

Working fluid combination R134a/R245fa R134a/R143a R290/R245fa R290/R143a 

Compressor outlet temperature (°C) 92 109 92 109 

Total power consumption (kW·h) 104.64 159.31 109.04 166.53 

Hot water tank temperature (°C) 80 100 80 101 

Cold water tank temperature (°C) 60 60 60 60 

Total pressurized water mass (t) 57.43 29.83 57.62 29.25 

Evaporator2 (Heater2) outlet temperature (°C) 74 92 74 95 

Condenser2 outlet temperature (°C) 30 30 30 30 
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Total power generation (kW·h) 87.88 123.78 86.77 126.33 

Heat pump COP 12.78 8.73 12.30 8.40 

ORC thermal efficiency (%) 6.66 8.90 6.66 9.03 

Round-trip efficiency (%) 82.68 77.70 79.56 75.86 

Total exergy destruction (kW·h) 164.74 179.13 168.61 183.55 

Exergy efficiency (%) 33.39 39.50 32.93 39.41 

Table 16 demonstrates the comparison of the costs for the four ba�eries under design 

and optimized conditions. The data reveal a more substantial increase in total system costs 

for SHP-SORC and THP-SORC. This is primarily a�ributed to a significant decrease in the 

temperature difference between the Hot and Cold water tanks after optimization, which 

leads to an increase in the volume of the tanks, resulting in a drastic increase in the cost of 

the tanks, while in SHP-TORC and THP-TORC, the parameters of the systems at each 

point do not change significantly after optimization, resulting in only a slight investment 

cost change. Additionally, SHP-SORC and THP-SORC experience a significant increase in 

total power generation after optimization, leading to a significant rise in system costs, 

while SHP-TORC and THP-TORC see a slight reduction in costs due to a modest increase 

in power generation. Furthermore, it is noteworthy that despite SHP-SORC exhibiting the 

highest RTE, it also carries the larger total system cost. 

Table 16. Cost comparison for the four ba�eries under design and optimized conditions. 

Component 
SHP-SORC SHP-TORC THP-SORC THP-TORC 

Design Optimize Design Optimize Design Optimize Design Optimize 

Evaporator1 (k USD) 10.98 10.98 10.98 10.98 10.98 10.98 10.98 10.98 

Condenser1 (k USD) 8.07 6.98 8.07 8.54 8.11 7.00 8.11 9.15 

Evaporator2 (k USD) 5.10 4.45 4.54 4.53 5.13 4.46 4.56 5.09 

Condenser2 (k USD) 3.10 4.13 7.16 7.15 3.11 4.14 7.20 5.95 

Turbine (k USD) 7.67 6.97 10.66 10.64 7.71 6.99 10.72 10.34 

Pump (k USD) 0.48 0.42 4.45 4.44 0.48 0.42 4.47 4.34 

Water pump1 (k USD) 0.04 0.08 0.04 0.04 0.04 0.08 0.04 0.04 

Water pump2 (k USD) 0.05 0.08 0.05 0.05 0.05 0.08 0.05 0.05 

Compressor (k USD) 2.24 1.04 2.24 2.16 0.96 0.46 0.96 0.92 

Hot water tank (k USD) 7.89 14.94 7.89 7.87 7.93 14.99 7.93 7.72 

Cold water tank (k USD) 7.69 14.77 7.69 7.67 7.73 14.82 7.73 7.52 

Working fluid (k USD) 1.07 1.30 1.28 1.28 1.04 1.29 1.26 1.24 

Total system cost (k USD) 81.29 98.85 97.25 97.70 79.65 98.23 95.69 94.71 

System cost (USD/kW∙h) 795.98 1124.83 783.94 789.30 775.86 1132.07 767.37 749.70 

7. Conclusions 

To assess the feasibility of integrating a Carnot ba�ery in liquid-cooled DCs, this pa-

per proposed four HP-ORC Carnot ba�eries driven by liquid-cooled DC waste heat, based 

on different combinations of HPs and ORCs. To obtain the performance of these ba�eries, 

thermo-economic models were developed. On this basis, the preferred working fluid com-

binations were determined for each ba�ery. Thereafter, the effects of key parameters on 

system performance were discussed. Finally, the operating parameters of the different 

ba�eries were optimized with the objective of RTE. The main conclusions drawn are as 

follows: 

(1) Under the design conditions, R134a and R290 are identified as the optimum selec-

tions for the subcritical and transcritical HPs, while R245a and R143a are identified 

as the optimum selections for subcritical and transcritical ORCs, respectively. Sys-

tems operating in the transcritical ORC state exhibit be�er performance. SHP-TORC 



Energies 2025, 18, 1556 26 of 30 
 

 

achieves the highest RTE of 76% and the highest exergy efficiency of 39%. Moreover, 

under a Condenser2 outlet temperature of 14 °C, the RTE of SHP-TORC can exceed 

100%. 

(2) For the effects of operating parameters, the HP evaporating temperature has the 

greatest effect on RTE, with a mean value of 1.8%/°C. Additionally, the ORC evapo-

rating temperature has the highest sensitivity to exergy efficiency. The exergy effi-

ciency increases by 0.9% for every 1 °C increase in temperature. Moreover, the system 

cost varies greatly when the ORC evaporating temperature changes, and the temper-

ature is negatively correlated with the system cost. 

(3) After optimization, when the Condenser2 outlet temperature is 30 °C, the RTE of 

SHP-SORC is the highest, reaching 83%. However, this improvement is accompanied 

by a significant increase in system cost, which rises to 1125 USD/kW·h, an increase of 

328 USD/kW·h. 

In this paper, only the RTE is considered in the optimization of the Carnot ba�ery, 

and the system cost is not further optimized. However, system cost is a pivotal parameter 

in practical engineering applications. In general, systems with higher power output tend 

to achieve lower system costs, while the relatively higher system cost in this study is 

mainly a�ributed to the lower power generation. Therefore, future research should focus 

on multi-objective optimization that integrates both thermodynamic and economic per-

formance of the system. 

Besides the theoretical research, the practical application of HP-ORC Carnot ba�eries 

coupled with DCs still faces the following challenges: First, integrating the Carnot ba�ery 

into existing data centers introduces spatial constraints and may require modifications to 

the cooling infrastructure, affecting overall system design and operation. Second, the use 

of fluorinated coolants, such as Fluorinert, raises environmental concerns due to the pres-

ence of PFAS (poly- and perfluorinated alkyl substances), which have been identified as 

persistent environmental pollutants. Third, operational challenges remain, including the 

management of charging and discharging cycles, dynamic control strategies, and real-

time monitoring. Addressing these challenges will be essential for the real-world deploy-

ment of Carnot ba�ery systems in DCs. 
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Nomenclature 

C Cost, USD 

A Heat exchange areas, m3 

e  Specific exergy, J/kg 
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h  Specific enthalpy, J/kg 

H Head of Water pump, m 

I Exergy destruction, kW·h 

k Discount rate, % 

m  Mass flow rate, kg/s 

M Total mass, kg 

P  Pressure, MPa 

Q Heat transfer rate, W 

s  Specific entropy, J/(kg·K) 

t  Time, h 

T  Temperature, °C 

V Volume, m3 

W  Work, W 

Greek symbols  

ηexergy Exergy efficiency, % 

ηis,com Isentropic efficiency of the Compressor, % 

ηis,p Isentropic efficiency of the Pump, % 

ηis,tur Isentropic efficiency of the Turbine, % 

ηORC ORC thermal efficiency, % 

ηwp1 Efficiency of the Water pump1, % 

ηwp2 Efficiency of the Water pump2, % 

Abbreviations  

CEPCI Chemical Engineering Plant Cost Index 

COP Coefficient of performance 

DC Data center 

RTE Round-trip efficiency 

HP Heat pump 

ORC Organic Rankine cycle 

PPTD Pinch point temperature difference 

SHP Subcritical heat pump 

SORC Subcritical organic Rankine cycle 

THP Transcritical heat pump 

tk Tank 

TORC Transcritical organic Rankine cycle 

Subscript  

0 Ambient 

1,2,3…i Thermodynamic state points 

ave Average 

C Cold-side working fluid 

c1 Cooler1 

charge The charging process 

com Compressor 

cond1 Condenser1 

cond2 Condenser2 

conting Contingency 

discharge The discharging process 

eng Engineering 

evap1 Evaporator1 
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evap2 Evaporator2 

f1 Heat pump working fluid 

f2 Organic Rankine cycle working fluid 

h High temperature 

H Hot-side working fluid 

h2 Heater2 

in Inlet 

instal Installation 

invest Investment 

l Low temperature 

out Outlet 

sup Superheat 

tot Total 

tow Cooling tower 

tur Turbine 

w1 Pressurized water during charging process 

w2 Pressurized water during discharging process 
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