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ABSTRACT

Data centers are energy-intensive facilities with substantial low-grade waste heat. High-

temperature heat pumps can be critical in boosting the data center's waste heat for district heating, 

improving the system-level energy efficiency of data centers, and reducing CO2 emissions in 

district heating. This study built thermodynamic models to assess high-temperature heat pumps 

with six configurations using low global warming potential refrigerants to supply heat up to 120℃. 

The heat pump configurations include single-stage or two-stage cycles with advanced components, 

such as internal heat exchanger, economizer, flash tank, or parallel compressor. The refrigerants 

include R1234ze(Z), R1233ed(E), R1224yd(Z), R600, and R600a, and R245fa is used as a 

reference. A case study was carried out to recover the waste heat from the Frontier high-

performance computing data center and provide hot water for district heating at the US Department 
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of Energy's Oak Ridge National Laboratory campus. The optimized performance of high-

temperature heat pumps is characterized with various effectiveness of internal heat exchangers, 

and the operating parameters of economizer or flash tank, as well as their combination. The results 

show that the configurations of two-stage cycles with internal heat exchanger + flash tank and 

internal heat exchanger + economizer/parallel-compressor provide the highest coefficient of 

performance under scenarios of the maximum allowable value and a fixed value (0.3) of the 

internal heat exchangers’ effectiveness, respectively. R1234ze(Z) and R600a are the most 

promising refrigerants, considering trade-offs between the coefficient of performance and the 

volumetric heating capacity. The single-stage cycle with internal heat exchanger + 

economizer/parallel-compressor using R1234ze(Z) is recommended for utilizing Fronter’s waste 

heat in district heating. A one mega-watt high-temperature heat pump will reduce 33,100-33,200 

metric tons of CO2 emission annually, corresponding to 85.4%-85.6% of equivalent CO2 

emissions from natural gas boilers. This study provides good guidelines for designing and 

deploying high-temperature heat pumps to support sustainable data centers and decarbonize 

district heating in the US.

Keywords: high-temperature heat pump, system configuration, low-GWP refrigerant, waste heat 

recovery, data center, district heating
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Highlights:

(1) Six configurations with five low-GWP refrigerants were explored to recover the data center's 

waste heat.

(2) A case study was carried out on the Frontier supercomputer data center at the Oak Ridge 

National Laboratory.

(3) Typical performance of different configurations was theoretically evaluated with the operating 

parameters of key components.

(4) Internal heat exchangers effectively improve the performance of heat pumps with six different 

configurations.

(5) The single-stage cycle with internal heat exchanger + economizer/parallel-compressor using 

R1234ze(Z) or R600a is recommended for utilizing Fronter’s waste heat in district heating.

Nomenclature

Abbreviations
Comp compressor

Cond condenser

COP coefficient of performance

DC data center

Eco economizer

EJT two-phase ejector

Evap evaporator

EV expansion valve

FT flash tank
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GDH generation district heating

GWP global warming potential

HTC high temperature coolant

HX heat exchanger

HW hot water

IHP industrial heat pump

HTHP high temperature heat pump

IHX internal heat exchanger

NBP normal boiling point of refrigerants

ORNL Oak Ridge National Laboratory

PC parallel compressor

SH degree of superheating 

SS single-stage thermodynamic cycle

TEWI total equivalent warming impact

TS two-stage thermodynamic cycle

VHC volumetric heating capacity, kJ/m3

Symbols

Cp specific heat, J/kg.K

h enthalpy of refrigerant, kJ/kg

k correction factor of operating pressure in the economizer or the flash tank

𝑚 mass flow rate of refrigerant, kg/s

p pressure, kPa

𝑄 thermal capacity, W

r recovered energy from the throttling process

T temperature, °C or K

W power input of pumps, W

x quality of vapor, x = 1 for saturated vapor, and x=0 for saturated liquid

Y the expected lifetime of high-temperature heat pump, years

Greek symbols
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α annual refrigerant leakage ratio

β refrigerant recycling factor

γ emission factor of primary energy in the US

χ liquid mass fraction in the economizer or the flash tank

ε effectiveness of heat exchanger

η isentropic efficiency of ejector components

Π pressure lift ratio in ejector

ρ density of refrigerant, kg/m3

τ system operating time, hours per year

φ natural gas utilization efficiency in boilers

 entrainment ratio of an ejector

Subscripts

A,B,C,D state points in the thermodynamic cycles of two-phase ejector

act actual

ap approach temperature

cr critical point

dischg discharged refrigerant from the compressor or ejector

elec electricity

em electric-mechanical 

is isentropic

liq refrigerant in liquid phase

max maximum

ng natural gas

opt optimum

Ref refrigerant

s entropy 

sc subcooling of refrigerant

suct compressor suction line

vap refrigerant in vapor phase 



6

1. Introduction

In the last decade, demand for data centers (DCs) has increased dramatically because of the 

growth of cloud-based and digital technologies, the adoption of the Internet of Things, and 

increased internet users, etc. [1, 2]. A DC is an energy-intensive installation and has become one 

of the largest industrial electricity end users. The International Energy Agency estimated the global 

DC electricity consumption in 2022 was 240-340 TWh, accounting for 1.0%-1.3% of global final 

electricity consumption [3]. Information technology equipment consumes about 52% of the total 

electricity used in DCs and converts 97% of this energy into waste heat [4]. This high volume of 

vol volumetric

1, 2, 3... state points in the thermodynamic cycles of HTHPs
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waste heat is dissipated by cooling facilities, which consume about 30%–40% of the total 

electricity used in DCs. Typical temperatures of DCs waste heat are 25℃–35℃ for air-cooled 

systems, 50℃–60℃ for water-cooled systems, and up to 90℃ for two-phase refrigerant-cooled 

systems. 

State-of-the-art DCs have made considerable strides in sustainability by significantly 

decreasing their power and water usage requirements. Waste heat utilization may be the DC 

industry's next step toward decarbonization. Potential waste heat recovery techniques in DCs 

include plant or district water pre-heating, absorption cooling, direct power generation (using 

piezoelectric and thermoelectric technologies), indirect power generation (using organic Rankine 

cycles), biomass colocations, and desalination/clean water production [5]. However, these 

applications are hindered by the low quality of waste heat, high investment costs, and insufficient 

infrastructure [6]. Industrial heat pumps (IHPs) with Tsupply ≤100℃, which can efficiently boost 

the DC waste heat for space and water heating, show promise to improve DC system-level energy 

efficiency and enable decarbonization in district heating applications [7]. IHPs have been used to 

recover low-grade waste heat generated from large-scale DCs in Nordic countries and satisfy high 

energy demand in their district heating. For example, Bahnhof, a Swedish internet service provider, 

uses HTHPs to upgrade the waste heat from a 21 MW DC and provides 112 GWh heat annually 

to district heating networks in Stockholm, Sweden [8]. Microsoft and Fortum, a Finnish state-

owned energy firm, are using IHPs to recycle a DC's waste heat, which provides 40% of heat 

supply in the district heating of the Helsinki metropolitan area and cuts 400,000 metric tons of 

CO2 emissions annually [9]. The US houses 33% of the world's total DCs. However, few DC waste 

heat utilization systems were considered in the US because of the low price of natural gas and less 

developed district heating networks.
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Current 3rd generation DH (3GDH) and a future upcoming 4th generation DH (4GDH) have 

Tsupply of ≤100℃ and 50-60℃, respectively [10]. At these temperature ranges, large-scale IHPs 

that produce hot water (HW) up to 100℃ could be used in utilizing a DC’s waste heat for the 

3GDH and 4GDH [11]. Table 1 lists the commercially available IHPs suitable for DC waste heat 

recovery. These IHPs are featured with various design factors, including thermodynamic cycles 

(e.g., single-stage [SS], two-stage [TS], and multi-stage), compressor types (e.g., piston, screw, 

and turbo [centrifugal]), refrigerants (e.g., R134a, R245fa, R1234ze[E], and R1233zd[E]), system 

configurations with the advanced components like internal heat exchangers (IHX), economizers 

(Eco), and flash tanks (FT). These factors enable IHPs to provide a broad range of heating 

capacities under various operating conditions encompassing heat sink (Tsink) and heat source 

(Tsource) temperatures. Although these IHPs have been deployed to upgrade DC’s waste heat in the 

3GDH, there is no justification for their optimized performance achieved with configurations 

and/or refrigerants. 



9

Table 1. Commercially available IHPs in recovering DC’s waste heat for the 3GDH and 4GDH.

Country Supplier Model Compresso
r Cycle Working 

Fluids Capacity Heat source 
in/out (℃)

Heat sink
in/out (℃) COP Ref.

520 kW 18/14 82/92 2.85IWWHS 570 
ER6C2 R1234ze(E) 505 kW 18/14 55/65 4.20Ochsner

IWWHS 640 ER3b
Screw TS+Eco+IHX

R245fa 650 kW 45/- -/85 4.0
[12]

Austria

Frigopol - Piston Two parallel 
cycles R134a 420 kW 23/17 45/75 3.50 [13]

Australia Automatic 
Heating

Revere™ R134A 
WW 500S EVI Scroll TS+Eco R134a 129 kW 20/15 65/75 3.23 [14]

65/55 85/95 3.5- - Twin-screw SS R245fa 900 kW 65/- -/95 4.4 [15]China
- - Twin-screw SS R245fa 108 kW 73.9/63.9 94.4/97.3 4.2 [16]

Denmark Johnson 
Control York® Titan™ OM Turbo MS R134a or 

R1234ze(E) 20 MW 40/- -/90 ~3 [17]

R1234ze(E) 600 KW 46/30 -/75 4.0
R1234ze(E) 1.1 MW 30/- -/95 3.5Finland Oilon ChillHeat S600 Screw, two 

parallel SS
R134a 2.3MW 18/8 50/65 3.0

[18]

Enertime - Centrifugal TS R1234ze(E) 2-5 MW 35/30 80/85 3.7 [19]
25/- -/85 2.85
30/- -/85 3.08
35/- -/85 3.35
40/- -/85 3.36

Carrier 
Europe

AquaForce® 
61XWH-ZE

Variable-
speed screw TS R1234ze(E) 0.2-2.5MW

45/- -/85 3.38

[20]

XStream™
RTWF-360 SE G 1.23 10/7 47/55 3.69

RTWF-360 HE G 1.47 10/7 47/55 3.72

France

Trane

RTWF-420 HSE G

Helical 
rotary SS R1234ze(E)

1.55 10/7 47/55 3.87

[21]

30/- -/80 3.2
40/- -/80 4.1Combither

m HWW series Screw SS or MS
R1234ze,
R245fa,

R1233zd(E)

520-937 
kW 40/- -/90 3.4

[22]

Siemens 
Energy C600/C750 Turbo TS+FT R1234ze(E) 15-45MW 32/27 60/(85-100) 3.75 [23]Germany

Viessmann Vitocal352.
AHT119

Piston (2 or 
3 in parallel) TS R1234ze(E) 294 kW 50/- -/90 3.3 [24]

Kobe Steel HEM-HR90 Screw TS R134a/R245fa 357 kW 35/30 80/90 3.4 [25]Japan Mitsubishi ETW-L Turbo TS+Eco R134a 547 kW 50/45 80/90 3.7 [26]
Switzerland Friotherm Unitop 50FY Turbo TS R134a 18.7 MW 10.0/5.8 67.2/90.0 2.83  [27]
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Recently, extensive research and development efforts have carried out on high-temperature 

heat pump (HTHPs) with Tsupply ≥100℃ for industrial electrification and decarbonization. These 

HTHPs can replace the steam or superheated water boilers extensively used in the 1st and 2nd 

generation DHs (1GDH and 2GDH). The strong correlations between the heat pumps 

configurations and their performance have been demonstrated in the previous research [18]. 

Estefanía et al. [29] experimentally demonstrated that the refrigerant’s subcooling significantly 

improved the coefficient of performance (COP) of IHPs, when a high temperature lift was 

imposed. Sarkar and Bhattacharyya [30] theoretically showed that an IHX is more effective for 

heat pumps in medium- and high-temperature heating applications. Khosravi et al. [31] 

demonstrated that replacing the expansion valve with a two-phase ejector (EJT) could improve the 

COP of HTHPs by ~18%. Mateu-Royo et al. [32] showed that using an EJT and Eco with parallel 

compression could provide a COP improvement of up to 36% and 72.5%, respectively, using 

R245fa under Tsink = 70℃–90℃ and Tsource = 110℃–140℃. Cao et al. [33] theoretically showed 

that the TS+FT configuration with R245fa was preferred with better overall performance than five 

other configurations under Tsink = 45℃ and Tsource = 95℃. These results indicate the existence of 

an optimized configuration of HTHPs with respect to the COP, capital cost, and environmental 

impacts. Additionally, R245fa, with a global warming potential (GWP) of 858, dominates the 

refrigerants in the HTHPs on the market; however, alternative low-GWP (<10) refrigerants, 

including R1234ze(Z), R1233zd(E), R1224yd(Z), R600, and R600a [34, 35], need to be 

considered for future HTHPs. These alternative refrigerants may affect the COP of HTHPs with 

various configurations.

This paper evaluates HTHP concepts (Tsupply up to 120℃) that efficiently utilize waste heat 

from DCs in replacing fossil-fuel boilers used in the 1GDH and 2GDH. The thermodynamic 
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models of HTHPs are developed for a basic single-stage configuration and five advanced 

configurations/components, respectively. These configurations are assessed with low-GWP 

refrigerants, including R1234ze(Z), R1233zd(E), R1224yd(Z), R600, and R600a, using R245fa as 

a reference. A case study was carried out to recover the waste heat from the Frontier high-

performance computing (HPC) DC to provide campus space and water heating at the US 

Department of Energy's Oak Ridge National Laboratory (ORNL). The proposed HTHP 

technologies can recover waste heat from the 32.0℃ high temperature coolant (HTC) of DC 

primary cooling loop and produce 85.0℃ HW, while generating 27.0℃ low-temperature coolant. 

The optimized performance of these HTHP configurations with various alternative low-GWP 

refrigerants is assessed in detail. The results can preliminarily assist in designing and evaluating 

HTHPs to support sustainable HPC-DCs in the US.

2. Integration of High-Temperature Heat Pump with the “Frontier” Data Center

ORNL is the US Department of Energy's largest science and energy national laboratory. The 

Oak Ridge Leadership Computing Facility, located at ORNL's building 5600/5700/5800 complex, 

houses Frontier, the world's first exascale, top-ranked HPC-DC. Frontier consumes 8–28 MW of 

electricity per year, equivalent to the power required by several thousand homes. This giant energy 

consumption creates significant waste heat (2-14 MW) that is absorbed from the supercomputer 

cabinets through a closed loop of energy recovery coolant and transferred to the external cooling 

plants, as shown in Figure 1. Around 2,400–6,000 gallons per minute (151-378 kg/s) of HTC is 

distributed by the coolant distribution units to carry away up to 97%–99% of the waste heat. 

Finally, the waste heat is rejected via evaporative cooling in four direct cooling towers, leading to 

massive energy loss and water consumption. 
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Figure 1. Waste heat generated in Frontier HPC-DCs from 01/01/2022 to 01/02/2023.

The 5600/5700/5800 complex is ORNL's largest facility, consisting of three large buildings 

covering ~50,000 square feet (4,645 m2). It consumes about 1 MW of hot steam (125℃), generated 

by natural gas boilers in ORNL's steam plant, for domestic hot water (80℃–90℃) and space 

heating in winter, contributing to 4.3 metric tons of CO2 emissions daily. Figure 1 also shows the 

hot steam transported from ORNL's steam plant to the 5600/5700/5800 complex. Recovering the 

waste heat from Frontier to produce HW to replace the hot steam will provide significant energy 

savings and decarbonization. However, the waste heat from Frontier at 30℃–38℃ cannot be used 

directly for water and space heating through the existing air conditioning distribution systems. A 

feasible solution is to use HTHPs to recover a part of the waste heat from the Frontier HCP-DC in 

producing appropriate HW for the 5600/5700/5800 complex, substantially reducing greenhouse 

gas emissions on the ORNL campus and advancing the laboratory's mission of efficient, 

sustainable operations. The detailed information of Frontier HPC-DC system could be found in 

ORNL’s technical report [36].

Figure 2 shows the overall cooling strategy for Frontier HPC-DC and the deployment of an 

HTHP. In the Frontier HPC-DC, the computer racks are liquid-cooled by the energy recovery 

0
2
4
6
8

10
12
14
16

1/1/22 3/3/22 5/3/22 7/3/22 9/2/22 11/2/22 1/2/23

W
as

te
 H

ea
t (

M
W

)

Date



13

coolants, while the supporting racks are air-cooled by circulated air from the trim-coolant 

distribution units. The HTC is delivered to the economizing HX (Eco-HX), where waste heat is 

transferred to the cooling tower water loops and finally dissipated into the ambient. One part of 

the HTC with a supply temperature of 32.2℃ (ASHRAE W32 [37]) is directly sent to the coolant 

distribution units. The other part of the HTC is further cooled down to 19.4℃ (ASHRAE W27 

[37]) in the Trim-HX and forwarded to the Trim-coolant distribution units, where the circulated 

air is cooled via rear door heat exchangers. The Trim-HX is connected with chilled water loops. A 

proposed HTHP is integrated into the cooling facility of Frontier HPC-DC and the air conditioning 

& HW distribution system for the 5600/5700/5800 complex. The HTHP's evaporator and 

condenser are installed parallel to the Eco-HX and the steam-to-HW converters, respectively. Part 

of HTC from the coolant distribution units bypasses into the evaporator, where it is cooled by 

rejecting the waste heat to the refrigerant. The cooled HTC mixes with the other part of HTC from 

the Eco-HX. Additionally, the HTHP provides cooling loads, which may significantly reduce the 

operating loads of chillers. As a case study, HTHP with a capacity of 1 MW is proposed as a 

strategic solution to recover waste heat for producing HW in heating ORNL's 5600/5700/5800 

complex. Frontier’s waste heat (2-14 MW) is not fully recovered due to the low heating demand 

and sparse building distributions within ORNL. Therefore, the effects of partial loadings and 

climate conditions on the available waste heat from Frontier HPC-DC are not considered in this 

case study.
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Figure 2. Integration of an HTHP with the Frontier HPC-DC at ORNL.

CDU = coolant distribution units; CTW = cooling tower water; CHW = chilled water; ERC = energy recovery coolant; HTC = 
high temperature coolant; HW = hot water; RDHX = rear door heat exchanger.

3. High-Temperature Heat Pump Water Heaters for Data Center Waste Heat Recovery

3.1 Configurations of High-Temperature Heat Pumps

Six configurations of HTHPs were assessed as potential concepts to recover the waste heat 

from DCs in supplying heat up to 120℃ for space and water heating. These configurations can be 

classified into SS or TS cycles. The proposed TS cycles compress refrigerant vapor at two pressure 

levels in a series, e.g., low-pressure stage compressor and high-pressure stage compressor. The 

low-pressure vapor from the FT or Eco mixes with the medium-pressure vapor from the low-

pressure stage compressor, reducing the discharge temperature of the high-pressure stage 

compressor [38]. The schematic and pressure-enthalpy (p-h) diagrams of these cycle 

configurations, along with a standard single-stage compression cycle with no upgrades, are 

illustrated in Figure 3. The following are the potential configurations [12, 17]:
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Figure 3. Schematic and pressure-enthalpy diagrams of HTHPs with various configurations [12, 17].

Eco = economizer; EJT = two-phase ejector; FT = flash tank; HSC = high-stage compressor; IHX = internal heat exchanger; 
LSC = high-stage compressor; MC = main compressor; PC = parallel compressor.

(a) SS—A SS vapor compression refrigeration cycle is a basic configuration consisting of four 

essential components: compressor, condenser, expansion valve, and evaporator.

(b) SS with an IHX (SS+IHX)—The SS cycle is supplemented with an IHX that exchanges 

the heat between the liquid-line and suction-line refrigerants. An IHX provides superheated 

refrigerant vapor, avoiding the risk of wet compression in the compressor, and subcooled 

refrigerant liquid, increasing the specific cooling capacity of refrigerant in the evaporator 

[39].
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(c) SS+IHX with an EJT (SS+EJT+IHX)—An EJT is used to recover energy loss resulting 

from the throttling process in a conventional expansion device. The EJT discharges two-

phase working fluid into a separator, where saturated vapor and liquid are separated and 

pumped back to the condenser and evaporator, respectively. An EJT can increase the 

specific heat cooling capacity in the evaporator and reduce the compression work in the 

compressor [40].

(d) SS+IHX with an Eco and a parallel compressor (SS+Eco/PC+IHX)—This 

configuration consists of two parallel loops, a high-pressure loop and a low-pressure loop. 

In the high-pressure loop, a portion of refrigerant evaporates and becomes superheated, 

then it is compressed in a parallel compressor, and finally, it is discharged to the condenser. 

In the low-pressure loop, the remaining refrigerant is subcooled and finally compressed in 

the main compressor. In this configuration, the economizer is operated similarly to a 

subcooler [13], which increases the specific cooling capacity of refrigerant in the 

evaporator.

(e) TS+IHX with a FT (TS+FT+IHX)—A flash tank is used to generate saturated vapor for 

the vapor-injected compression process in the high-pressure stage compressor. The 

saturated vapor mixes with discharged vapor from the low-pressure stage compressor and 

is finally compressed in the high-pressure stage compressor. The FT provides suction vapor 

with low superheating for high-pressure stage compressor, enabling a more efficient 

compression process and providing better performance of IHPs [42].

(f) TS+IHX with an Eco (TS+Eco+IHX)—An economizer generates the superheated vapor 

for the vapor-injected compression process in the high-pressure stage compressor. The 

superheated vapor mixes with the discharged vapor from the low-pressure stage 
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compressor and is finally compressed together in the high-pressure stage compressor. 

Therefore, the Eco provides the subcooled liquid and superheated vapor of refrigerant for 

the evaporator and the high-pressure stage compressor, respectively [41]. These two factors 

increase the compressor capacity and offer a larger operation envelope for the compressor.

3.2 Low Global Warming Potential Refrigerants

Low GWP refrigerants with a high critical point (Tcr, >130℃) are considered for the 

investigated HTHPs with technical potential of Tsink up to 120℃. Table 2 shows the properties of 

these selected refrigerants, including chemical formula, critical temperature and pressure, normal 

boiling temperature, molecular weight, ozone depletion potential, GWP, and ASHRAE safety 

group classification. Figure 4 compares the pressure-enthalpy (p-h) diagrams for the selected 

refrigerants. These refrigerants can be categorized into hydrochlorofluoroolefins (i.e., 

R1234ze[Z]), hydrofluoroolefins (i.e., R1233zd[E] and R1224yd[Z]), hydrocarbons (i.e., R600 

and R600a), and one hydrofluorocarbon (i.e., R245fa) as a baseline refrigerant. R245fa is widely 

used in IHPs on the market; however, it is expected to be phased down in the coming years because 

of a high GWP. 

Table 2. Low-GWP refrigerants for HTHPs [43, 44].

Group Refrigerant Formula Tcr 
(℃)

Pcr 
(MPa)

NBP
(℃)

MW 
(kg/kmol) ODP GWP SG

HCFO R1234ze(Z) C3F4H2 150.1 3.53 9.8 114.0 0 <1 A2L
R1233zd(E) C3ClF3H2 166.5 3.62 18.0 130.5 0.00034 1 A1HFO R1224yd(Z) C3ClF4H 155.5 3.33 14.0 148.5 0.00012 <1 A1

R600 C4H10 152.0 3.80 -0.5 58.12 0 4 A3HC R600a C4H10 134.7 3.63 -11.7 58.12 0 3 A3
HFC R245fa C3F5H3 154.0 3.65 15.1 134.0 0 858 B1

NBP = normal boiling temperature; MW = molecular weight; ODP = Ozone depletion potential; GWP = global warming 
potential; SG = ASHRAE safety group (SG) classification; HCF) = hydrochlorofluoroolefin; HFO = hydrofluoroolefin; HC = 
hydrocarbon; HFC = hydrofluorocarbon.
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Figure 4. The pressure-enthalpy diagrams of refrigerants for HTHPs. 

4. Thermodynamic Model of High-Temperature Heat Pumps

4.1 Thermodynamic Model of Essential Components

The above cycles and refrigerants were modeled to help select the optimum configurations, 

ande components were modeled using thermodynamic relationships. The key components in the 

selected configurations include a compressor, a condenser, an expansion valve, and an evaporator. 

These components' models are based on mass and energy conservation as follows.

4.1.1 Compressor

Reciprocating (piston) compressors are selected due to their wide range of heating capacity 

(up to 15MW) [45]. The volumetric and isentropic efficiencies of compressors, i.e., ηComp,vol and 

ηComp,is, are predicted using Pierre's correlations [16]. 

(1)

(2)

dischgsuct
Comp,vol

suct

18η 1.04(1 0.15 ) exp 0.07
100

pT
p

 
    

 

Comp,vol dischgsuct

Comp,is suct

η +273.1518=(1 0.1 ) exp 2.40 +2.88
η 100 +273.15

TT
T

   
         
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where Tsuct, Tdischg, psuct, and pdischg are the temperature (in ℃) and pressure of refrigerants at the 

compressor discharge and suction lines, respectively.

The enthalpy of the discharged refrigerant after a practical compression process is given as:

(3)

where  is the enthalpy of the discharged refrigerant after an isentropic compression process, 

which is a function of the discharge pressure, , the refrigerant entropy at the suction line, 

, and the compressor isentropic efficiency, ηComp,is. 

4.1.2 Condenser

In the condenser, the two-phase condensation temperature, TCond, is addressed as Eq. (4).

, (4)

where THW,in and THW,out are the HW's return and supply temperature; ΔTCond,ap is the approach 

temperature threshold of the evaporator, assuming = 5 K. In addition, the 

condensation pressure, pCond, is the saturated vapor pressure of the refrigerant at ΔTCond.

The outlet temperature of the refrigerant, TRef,Cond,out, is

, (5)

 where ΔTCond,sc is the degree of subcooling in the refrigerant leaving the condenser.

4.1.3 Expansion valve

In the expansion valve, the high-pressure, subcooled liquid is assumed to expand into a two-

phase fluid via an isenthalpic throttling process, i.e., .

4.1.4 Evaporator

In the evaporator, the two-phase refrigerant absorbs thermal energy from the heat source and 

becomes saturated vapor. The evaporation temperature, TEvap, is calculated with Eq. (6).

 dischg suct Comp,is dischg,is sucth h h h  
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(6)

where THTC,in and THTC,out are the HTC's supply and return from the evaporator, respectively; 

ΔTEvap,ap is the approach temperature of the evaporator, and . In this study,  

is assumed to be 5K. The evaporation pressure, pEvap, is the saturated vapor pressure of the 

refrigerant at TEvap.

The refrigerant temperature at the exit of the evaporator, Tvap,Evap,out, is given: 

(7)

where THTC,in is the inlet temperature of HTC, and TEvap,sh is the superheat temperature of the 

refrigerant in the evaporator.

The capacity of evaporator, QEvap, is 

(8)

where  is the mass flow rate of refrigerant in the evaporator.

4.2 Thermodynamic Models of Advanced Components

The investigated configurations of HTHPs were built with advanced components, including 

the IHX, EJT, Eco, and FT. 

4.2.1 Internal heat exchanger 

A liquid-to-vapor IHX allows the liquid-line refrigerant to superheat the vapor-line 

refrigerant, ensuring a dry compression process in the compressor [46]. The effectiveness of IHX, 

εIHX, is defined as below: 

(9)

Equation (9) indicates that a higher εIHX gives a higher Tvap,IHX,out for specified operating conditions 

of HTHPs (i.e., fixed Tliq,IHX,in and Tvap,IHX,in). Considering the unique p-h diagram feature of the 

selected working fluid, the minimum value of εIHX is considered for the discharged vapor from the 
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compressor with a minimum superheat of 1K, and the maximum value of εIHX is limited for the 

discharged vapor temperature below the maximum operating temperature of the compressor (i.e.,

). In this research,  is assumed to be 130℃ [16]. To ensure an 

effective heat transfer process within the IHX, the temperature difference between the liquid and 

suction lines should be larger than 5 K, i.e.,  and 

. The maximum value of εIHX is achieved with sufficient heat transfer area. In practical 

applications, the maximum value of εIHX may not be achieved due to the heat transfer coefficient, 

space limitation, and high capital cost.

4.2.2 Two-phase ejector

The EJT functions as a liquid-vapor jet pump that utilizes the potential energy of high-pressure 

refrigerant liquid (primary fluid) from the condenser, to boost the pressure of refrigerant vapor 

(secondary fluid) from the evaporator. In a vapor refrigerant compression cycle, an EJT is an 

expander that replaces an expansion valve. The performance of an EJT is generally evaluated by 

the mass entrainment ratio and the pressure lift ratio. The entrainment ratio, , is the ratio of 

the mass flow rates of secondary fluid, , to that of primary fluid, .

(10)

The pressure lift ratio, , is defined as the ratio of EJT's discharged pressure, , to the 

inlet pressure of SF, .  

(11)

In this study,  and  are predicted using an improved 1D thermodynamic model, 

which assumes a constant pressure mixing process and homogeneous equilibrium two-phase flow 
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[47, 48]. The model was built with mass, momentum, and energy conservation across the ejector 

components. Under specified inlet conditions of primary and secondary fluids, the EJT’s 

performance is closely related to the mixing pressure, , and the ejector's component 

efficiencies, including the primary nozzle efficiency, , the secondary nozzle efficiency, 

, the mixing efficiency, , and the diffuser efficiency, . The ejector 

component efficiencies are assumed to be constant and , 

while  equals to the saturated vapor pressure corresponding to a 1 K drop in the evaporation 

temperature [49].

The energy efficiency of an EJT used as an expander is evaluated by its energy recovery 

efficiency, , which is the ratio of the actual amount of work recovered by the ejector, , and 

the total work recovery potential during the isentropic expansion process, .  is defined 

as [50]

(12)

where  and  are the enthalpies of primary fluid at the ejector's discharged pressure after 

isenthalpic and  isentropic processes, respectively. Further,  and  are the entropies of SF after 

and before an isentropic compression process, respectively. For the EJT in the SS+EJT+IHX 

configuration shown Figure 3(c), , ,  and  are given: 

. (13)

4.2.3 economizer
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An economizer is used as a subcooler, where a part of refrigerant is specially evaporated and 

becomes a superheated vapor at a higher temperature than , and substantially cools the 

remaining liquid refrigerant in the main loop. In the SS+Eco/PC+IHX configuration, the 

superheated vapor is directly compressed within a PC; in the TS+Eco+IHX configuration, the 

superheated vapor is mixed with the refrigerant vapor discharged from the low-pressure stage 

compressor, and the cooled-down refrigerant mixture is compressed in the high-pressure stage 

compressor. 

The contribution of economizers used in the configurations of SS+Eco/PC+IHX and 

TS+Eco+IHX is associated with its liquid mass fraction, , which is defined as

. (14)

In TS+Eco+IHX configurations, various  is achieved by adjusting the vapor-side pressure 

of Eco, , which is characterized by a pressure correction factor of the Eco,  [51]. 

(15)

where  is the evaporation pressure, and  is the condenser pressure.

The vapor-side temperature of refrigerant in the Eco, , is given as: 

(16)

where  is the liquid-side  temperature of refrigerant leaving the Eco;  is the approach 

temperature of economizer, assuming ;  is the degree of superheating in 

refrigerant vapor leaving the Eco , assuming . 

The thermal capacity of the economizer, , is calculated using Eq. (17). 

, (17)
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where  and  are the mass flow rate of refrigerant in the liquid-side and vapor-side of 

the economizer, respectively. 

4.2.4 Flash tank 

The FT is a two-phase separator that separates the saturated vapor and liquid for a vapor-

injected compressor and evaporator, respectively. The impact of FT on the performance of 

TS+FT+IHX depends on its operating pressure, , which is defined as [51]

. (18)

where  is the pressure correction factor for the FT.

For a given , the enthalpy of saturated vapor and liquid (  and ) can be calculated 

based on the thermophysical property functions. The mass flow rate of vapor and liquid (e.g., 

 and ) are estimated based on the mass and energy conservation in the flashing 

evaporation process. 

(19)

 (20)

where  and  are the mass flow rate and enthalpy of two-phase refrigerant entering the 

FT, respectively.

The liquid mass faction in the FT, , is defined as

. (21)

4.3 Thermodynamic Model of High-Temperature Heat Pump

Thermodynamic models of HTHPs are built by considering mass and energy conservation 

within each component. The model considers the assumptions: (1) the pressure drop of heat 

exchangers and refrigerant pipelines is neglected; (2) the approach temperature threshold in all 
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types of HX is fixed and is assumed; (3) there is no superheat of refrigerant at the 

outlet of evaporator, i.e., ; and (4) there is no subcooling of refrigerant at the outlet 

of condenser, i.e., . Consequently, the performance parameters of HTHPs are 

calculated using the following generalized equations.

The heating capacity of HTHP, , is provided by the condenser, and 

. (22)

The power consumption in the HTHP, , is the overall power consumed by compressors. 

For HTHPs with a single compressor,  

, (23)

where ηComp,em is the electromechanical efficiency of the compressor, and ηComp,em = 0.95 [52].

For the SS+Eco/PC+IHX, 

. (24)

where   and  are the mass flow rates of refrigerant in the main and parallel compressors, 
respectively, 

, (25)

. (26)

For the TS+Eco+IHX and the TS+FT+IHX, 

. (27)

where   and  are the mass flow rate of refrigerant in the high-pressure and low-pressure 
stage compressors, respectively, and  

. (28)
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For the TS+Eco+IHX, 

; (29)

For the TS+FT+IHX, 

(30)

The COP of HTHP, , is 

. (31)

Besides the COP, the volumetric heating capacity (VHC) is the other critical parameter to 

evaluate the energy performance of HTHP configurations with various refrigerants. A higher VHC 

requires a smaller swept volume for a given capacity, which is desired for piston compressors with 

smaller size and lower costs. The VHC of specified refrigerant, , for HTHPs with a single 

compressor is [47] 

. (32) 

For the SS+Eco/PC+IHX, 

(33)

For the TS+Eco+IHX, 

(34)

Based on Eqs. (22-34), the detailed equations for the performance of HTHPs with various 

configurations are established with the state points in Figure 3 and listed in Table 3. These 

theoretical models are solved using the Engineering Equation Solver (Version 11.654, F-Chart 
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software [53]) with its built-in database of refrigerants. The developed thermodynamic model of 

SS+IHX have been validated by Arpagaus et al. [54]. 
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Table 3. Thermodynamic performance of HTHPs with various configurations.

Performance of HTHPs
Configurations

SS 
SS+IHX

SS+EJT+IHX

SS+Eco/PC+IHX

TS+Eco+IHX

TS+FT+IHX

COP = coefficient of performance; VHC = volumetric heating capacity; SS = single stage; IHX = internal heat exchanger; EJT = ejector; PC = parallel compressor; TS = two 
stage; Eco = economizer; FT = flash tank.
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4.4 Environmental Evaluation of High-Temperature Heat Pumps

The total equivalent warming impact (TEWI) metric is adopted as a comparative index for 

evaluating the global warming impact of the HTHPs. TEWI determines the equivalent CO2 

emission from the HTHPs in terms of the direct emission caused by refrigerant leakage and 

recycling and the indirect emission caused by electricity consumption. The TEWI of HTHPs is 

calculated by [55]

(35)

where α is the annual refrigerant leakage ratio, β is the refrigerant recycle factor, γelec is the average 

electricity source emission factor in the US, τ is the yearly running hours of HTHP, and Y is the 

expected lifetime of HTHP. The values of these parameters are presented in Table 4.  

Table 4. Parameters for the TEWI analysis [12, 55, 56].

Parameter Value
Heat capacity of HTHP, QHTHP 1,000 kW
Refrigerant mass charge, 300 kg (R1234ze in the SS configuration)

Annual refrigerant leakage ratio, α 5% of refrigerant mass charge annually
Expected lifetime of IHPs, Y 10 years
Refrigerant recycling factor, β 70%

Annual system operating time, τ 5,000 hours per year
Emission factor of electricity in the US, 4.33×10-4 MT CO2 per kWh

Emission factor of natural gas in the US, 7.09×10-4 MT CO2 per kWh

Natural gas utilization efficiency in steam boiler, φ 90%

In Eqn. (35),  is the refrigerant charge in HTHPs. In commercially available IHPs, e.g., 

Carrier, AquaForce® Model 61XWH,  is 280 kg-308 kg of R1234ze for a normal capacity 

of 967 kW [28]. In this study,  is assumed to be 300 kg for R1234ze(Z) in an HTHP with 

a basic SS configuration. For the other configurations and refrigerants,  is corrected by the 

relative ratio of VHCs.
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(36)

As a baseline comparison, the direct emission of natural gas boiler in producing HW is given as: 

(37)

where φ is the natural gas utilization efficiency in steam boilers, and  is the emission factor of 

natural gas in the US.

5. Results and Discussions

The HTHPs are simulated with the practical operating scenario of the cooling facility in the 

Frontier HPC-DC and the steam-water heat exchangers in ORNL's steam networks. An HTHP 

recovers the waste heat from the HTC (32.0℃→27.0℃) in the DC cooling loops and delivers the 

supply heat as HW (75.0℃→85.0℃) in the HVAC&HW distribution networks. The operating 

parameters of HTHPs are listed in Table 5.

Table 5. Operating parameters of HTHPs for Frontier HPC-DC's waste heat recovery.

Return temperature of HW, 75.0℃

Supply temperature of HW, 85.0℃
Return temperature of HTC, 𝑇HTC,in 32.0℃
Supply temperature of HTC, 27.0℃

HW = hot water; HTC = high temperature coolant.

5.1 Performance of High-Temperature Heat Pumps with Different Configurations 

5.1.1 Single-stage HTHP 

The performance of the HTHP with the SS configuration is predicted and summarized in 

Table 6. The superheat at the suction line, , is assumed to be 5 K, which is achieved by 

managing the mass flow rate of refrigerant using an electronic expansion valve. Compared with 

R245fa, all selected low-GWP refrigerants achieve higher COP; while most of them, except 
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R1233zd(E) and R1224yd(Z), provide higher VHC. Refrigerants R1234ze(Z) and R600a offer the 

highest COP and VHC, respectively. 

Table 6. Performance of HTHPs with the single-stage (SS) configuration.

Performance of the SS configuration
Refrigerants (K) (K) (-) (kJ/m3)

R245fa 5.0 8.2 3.03 782.4
R1234ze(Z) 5.0 13.4 3.33 953.0
R1233zd(E) 5.0 10.3 3.22 708.1
R1224yd(Z) 5.0 5.9 3.09 780.9

R600 5.0 3.2 3.23 1,232.0
R600a 5.0 2.1 3.16 1,621.0

COP = coefficient of performance; VHC = volumetric heating capacity.

5.1.2 HTHP with SS+IHX

The performance of SS+IHX is only related to the effectiveness of IHX, εIHX. Figures 5 and 

6 show the effects of  on the performance of the SS+IHX configuration. For the given  

and , an increased  linearly increases the temperature of refrigerants in the suction-line 

and discharge-line of compressor. The maximum practical value of is limited by the 

compressor's safe operating temperature, . For R245fa,  is 0.63, providing 

that  and . Although  has negligible effect on the 

isentropic efficiency of the compressor, , it will significantly affect the specific cooling 

capacity of refrigerant in the evaporator, , because low vapor quality results in isentropic 

expansion of subcooled refrigerant. For R245fa, when  increases from 0 to 0.63, 

 and . Meanwhile, the COP and VHC 

for R245fa are improved by 9.0% and 15.3%, respectively. Figure 5(b) shows that the predicted 

values of compressor isentropic efficiencies are in the range of 0.65-0.80, which agrees well with 

the normal isentropic efficiency of 0.60-0.80 for large-size, open, reciprocating compressors at full 
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loads [57, 58]. These results prove that Pierre's correlations are suitable for predicting the 

compressor’s performance with selected low-GWP refrigerants.

Figure 5. Effects of εIHX on the performance of the SS+IHX configuration, with (a) compressor discharge 
temperature,  (b) compressor isentropic efficiency, and (c) refrigerant specific cooling capacities.

Figure 6. Effects of εIHX on the performance of the SS+IHX configuration, with (a) COP and (b) VHC.

 (Note: In Fig. 6b, the curve of R245fa is behind the curve of R1224yd(Z)). 

The impacts of  on the SS+IHX configuration operating with the selected low-GWP 

refrigerants are similar to R245fa. All low-GWP refrigerants enable better  and 

than R245fa at any . Compared to R245fa, only R1233zd(E) achieves lower  and 

. R1224yd(Z) have the same values of  as R245fa. Hydrocarbons enable the 

optimum overall performance of the SS+IHX configuration because of their tolerance for higher 

. For example,  is achieved with R600 at ; R600a can 
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maximize the benefit of IHX in the SS+IHX configuration, improving , , and 

 by 40.6%, 12.2%, and 21.1%, respectively, compared to R245fa. Also, R600 and R600a 

only require a small  to ensure sufficient superheated refrigerant vapor at the compressor 

suction line, avoiding the risk of wet compression [59]. The superheat  could be 

achieved with of 0.06 and 0.08 for R600 and R600a, respectively. 

5.1.3 HTHP with SS+EJT+IHX

The component-level performance of EJT and the system-level performance of SS+EJT+IHX 

are only related to εIHX. Figure 7 shows the effects of  on the component-level performance 

of EJT. For an EJT with fixed component isentropic efficiencies (see the details in 4.2.2 Two-

phase ejector), an increased leads to linearly increased  and decreased . A higher 

 provides a higher subcooling for the primary fluid entering the EJT (i.e., a lower enthalpy), 

which generates a low velocity of the primary fluid in the mixing process. The enthalpy of inlet 

secondary fluid and its velocity in the mixing process do not change because of the stable 

evaporation temperature, , and mixing pressure in the EJT, . Consequently, the vapor 

quality of two-phase fluid discharged from the EJT is reduced, so  increases with an increased 

. Because the kinetic energy decreases at a higher , the pressure lift effect in the EJT 

diffuser section decreases, leading to the decreased . The trade-off between increased  and 

decreased  with an increased  achieves its optimal value for the maximum value of . 

For R245fa,   is achieved at . For all selected low-GWP refrigerants, 

their trends of , , and  associated with  are similar to R245fa. 

Sourceq HTHPCOP

HTHPVHC

IHX

SH,Comp,outT 1 C  

IHX,min

IHX

IHX EJTω EJTΠ

IHX

EvapT mixingp

EJTω

IHX IHX

EJTΠ EJTω

EJTΠ IHX EJT

EJT,max 0.279  IHX,opt 0.57 

EJTω EJTΠ EJT IHX
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Figure 7. Effects of εIHX on the performance of a two-phase ejector, with (a) ωEJT, (b) ПEJT, and (c) εEJT.

Figure 8 shows the effects of  on the system-level performance of SS+EJT+IHX. A 

higher , achieved at a higher , improves the evaporator capacity, , because of an 

increased degree of subcooling and increased mass flow rate of refrigerant entering the evaporator. 

On the other hand, the higher  reduces  that requires a higher compression work. 

Therefore, the effect of  on the performance of the SS+EJT+IHX configuration depends on 

the trade-off between  and compression work. Among all the refrigerants, R600a achieves the 

best performance with  and  at 

. Compared with the SS+IHX configuration, the IHX in the SS+EJT+IHX configuration has fewer 

benefits to COP and VHC improvement [50]. 

IHX

EJT IHX EvapQ

EJT EJTΠ

EJT

EvapQ

IHPWH,maxCOP 3.64 3
IHPWH,maxVHC 2, 067 kJ/m IHX,max 0.84 
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Figure 8. Effects of εIHX on the performance of the SS+EJT+IHX configuration, with (a) COP and (b) VHC. 

5.1.4 HTHP with SS+Eco/PC+IHX

The performance of SS+Eco/PC+IHX is related to εIHX and the liquid mass fraction of Eco, 

χEco. With a specified value of , the effects of  on the  and  related to 

 similar to those in the SS+IHX configuration (see Figure 6). This is because the Eco can bring 

benefits similar to IHX technology in enabling refrigerant subcooling. However, with the pre-

subcooling of refrigerant in the Eco, the benefits of IHX become weak in improving the 

performance of the SS+Eco/PC+IHX configuration. Figure 8 displays the impact of  on the 

performance of the SS+Eco/PC+IHX configuration at .  is limited by  at a 

low , and it is limited by  at a high . Therefore,  increases with the growth 

of  until the discharged temperature of refrigerant reaches , which is marked with 

"Χ" in Figure 9. The transition of limitation mechanism in the IHX leads to a rapid reduction of 

with increased . An increased  provides larger mass flow rate of refrigerant in the 

low-pressure loop, decreases the specific cooling capacity due to reduced subcooling, increases 

the power consumption of the main compressor ( ), and decreases the power consumption of 

Eco IHX IHPWHCOP IHPWHVHC

IHX

Eco

IHX,max IHX,max HXT

Eco Comp,maxT Eco IHX,max

Eco Comp,maxT

IHX,max Eco Eco

MCW
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the parallel compressor ( ). The trade-off in , , and  results in the existence of 

an optimum  for the maximum COP and VHC. For all refrigerants in this configuration, 

 is in a range of 0.79–0.81, where the compressors are operated below . The 

refrigerant R1233zd(E) provides the best improvement in the performance (i.e., 

and ) when  increases from 0.7 to . 

Figure 9. Effects of χEco on the performance of the SS+Eco/PC+IHX configuration, with (a) εIHX,max, (b) COP, 
and (c) VHC.

5.1.5 HTHP with TS+Eco+IHX

The performance of TS+Eco+IHX is related to εIHX and the pressure correction factor of Eco, 

kEco. With a specified value of , the effects of  on the  and  related to 

 similar to those in the SS+IHX and SS+Eco/PC+IHX configurations. Figure 10 shows the 

effects of  on the performance of the TS+Eco+IHX configuration at . A higher  

is achieved with a higher  (i.e., a low flow rate of refrigerant vapor in the economizer), resulting 

in a lower degree of subcooling in the refrigerant. The  slightly increases with an increase 

in  because of a higher discharge pressure in the low-pressure stage compressor. However, a 

high increases the risk of overheating in the high-pressure stage compressor, which occurs at 

and 1.40 for R1234ze(Z) and R1233zd(E), respectively. A higher  provides a 

PCW SourceQ MCW PCW

Eco

Eco,opt Comp,maxT

IHPWHΔCOP 4.3% IHPWHΔVHC 2.6% Eco Eco,opt 0.79 

Ecok IHX IHPWHCOP IHPWHVHC

IHX

Ecok IHX,max Ecok

Eco

IHX,max
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higher mass flow rate of refrigerant in the main loop, a lower specific cooling capacity of 

refrigerant in the evaporator, a higher power consumption of the low-pressure stage compressor, 

and a lower power consumption of the high-pressure stage compressor. The trade-off in these 

parameters results in the optimum  for the COP and VHC. The is 1.35 for R600 and 

R600a and 1.25 for the other refrigerants.

Figure 10. Effects of kEco on the performance of the TS+Eco+IHX configuration, with (a) χEco, (b) εIHX,max, (c) 
COP, and (d) VHC.

5.1.6 HTHP with TS+FT+IHX

The performance of TS+FT+IHX is related to εIHX and the pressure correction factor of FT, 

kFT. With a specified value of , the effects of  on the  and  related to 

Ecok E co,op tk

Ecok IHX IHPWHCOP IHPWHVHC
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 similar to those in the SS+IHX, SS+Eco/PC+IHX, and TS+Eco+IHX. Figure 11 reveals the 

effects of  on the performance of the TS+FT+IHX  configuration at . A higher mass 

flow rate ratio of the saturated liquid in the FT, i.e., , is achieved with a higher , resulting 

in a lower degree of subcooling in the refrigerant.  increases with an increased  due to 

a higher discharge pressure of the low-stage compressor. The risk of overheating in the high-

pressure stage compressor is eliminated because of the desuperheating effects from the injection 

of saturated vapor. The trade-off in the cooling capacity of evaporators and the power consumption 

of compressors results in the optimum of  for the COP and VHC. R1234ze(Z) provides the 

highest COP with  and .

IHX

FTk IHX,max

FT FTk

IHX,max FTk

FTk

FT 1.30k  IHX,max 0.875 
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Figure 11. Effects of kFT on the performance of the TS+FT+IHX configuration, with (a) χFT, (b) εIHX,max, (c) 
COP, and (d) VHC.

5.2 Discussion: The Optimum Performance of HTHPs 

The COP and VHC performance of different HTHPs configurations and refrigerants are 

compared in Figures 12-13. The columns present the absolute values for R245fa and the relative 

variations of low-GWP refrigerants compared with R245fa. The comparison is carried out under 

two scenarios of the effectiveness of IHX, i.e.,  and . The scenario of  

presents the technical potential of IHX in achieving the maximum performance of HTHPs, and the 

scenario of  presents the IHX with a fixed effectiveness of 0.3, considering the practical 

limitations of heat transfer coefficients, installation space, and capital costs. 

(a)

IHX,maxε IHXε 0.3 IHX,maxε

IHXε 0.3



40

(b)

Figure 12. The optimum performance of HTHPs with various configurations at εIHX,max, with (a) COP and (b) 
VHC.

(a)
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(b)

Figure 13. The performance of HTHPs with various configurations at εIHX = 0.3, with (a) COP and (b) VHC.

5.2.1 Performance of HTHPs with 

The performance of HTHPs increases as the configuration adds advanced components 

proposed in this study. Compared with the basic SS configuration, an SS+IHX or SS+EJT+IHX 

increases the COP by 8.4% ± 2.5% and 12.2% ± 2.3%, respectively, and increases the VHC by 

13.8% ± 4.1% and 22.5% ± 3.3%, respectively. An additional compressor further improves the 

COP by 17.3% ± 2.0%, 18.4% ± 2.7%, and 19.2% ± 2.7%, and improves the VHC by 25.5% ± 

2.3%, 19.5 ± 5.1%, and 20.9 ± 5.2 %, for the configurations of SS+Eco/PC+IHX, TS+Eco+IHX 

and TS+FT+IHX, respectively. The TS+FT+IHX presents the highest improvement in COP and 

has the lowest risk of compressor overheating at high , which agrees well with the research 

by Carcia and Berana [60]. The SS+EJT+IHX and SS+Eco/PC+IHX provide higher VHC 

improvements due to the larger volumetric flow in the compressors. Two-stage compressors in a 

series dramatically improve the COP but slightly reduce the VHC. Considering the overall 

performance of these configurations, the SS+Eco/PC+IHX is the best HTHP configuration for 

energy saving.

IHX,maxε

IHX,maxε
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All the low-GWP refrigerants offer COPs better than R245fa. Refrigerant R1234ze(Z) 

provides the highest COPs in the configurations of SS+Eco/PC+IHX, TS+Eco+IHX, and 

TS+FT+IHX. R600 and R600a provide slightly higher COPs than R1234ze(Z) in the 

configurations of SS+IHX and SS+EJT+IHX, but their COPs are significantly reduced in the two-

stage configurations. Regarding VHC, R600 and R600a enable much higher VHC than R245fa, 

whereas R1233zd(E) and R1224yd(Z) present lower VHC. Therefore, the trade-off between COP 

and VHC needs to be considered for these refrigerants. Overall, R1234ze(Z), R600, and R600a 

hold the greatest technical potential in the SS+Eco/PC+IHX configuration for outdoor and indoor 

installation, respectively. 

5.2.2 Performance of HTHPs with 

Under the scenario of , R1234ze(Z) remains the highest COP of all the refrigerants 

in all the configurations. The SS+Eco/PC+IHX with R1234ze(Z) improves the COP and VHC by 

24.4% and 44.4%, respectively, compared with R245fa. The SS+Eco/PC+IHX with R600 and 

R600a also achieves significantly better COP and VHC. However, unlike the scenario of , 

R600 and R600a in two-stage configurations achieve reduced COPs compared with R245fa, as 

R245fa's COP is 1.9% and 2.6% higher than those of R600 and R600a, respectively. The results 

further confirm that the configuration of SS+Eco/PC+IHX with R1234ze(z), R600a, or R600 is 

the potential good configuration of HTHPs for harvesting the waste heat from DCs for 85oC hot 

water applications. 

Table 7 summarizes the average performance degradation of HTHPs with selected 

refrigerants when  decreases from its maximum tolerance value to a practical value of 0.30. 

The configurations of SS+Eco/PC+IHX and SS+EJT+IHX enable the smallest degradation in COP 

and VHC, respectively. That allows HTHPs with the SS+Eco/PC+IHX or SS+EJT+IHX 

IHXε 0.3

IHXε 0.3

IHX,max

IHXε
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configurations to be more resilient and efficient in harvesting the waste heat with fluctuating 

temperatures and loadings. Figure 14 validates the predicted COP of HTHPs in the present study 

and the COPs of large-scale IHPs on the market, indicating that the predictions by the developed 

thermodynamic models match the performance of the commercial units reasonably well. 

Table 7. Performance of HTHPs with different εIHX.

Scenario I Scenario II Performance 
degradationConfigurations

COP (-) VHC (kJ/m3) COP (-) VHC (kJ/m3) ΔCOP ΔVHC 
SS+IHX 0.67 ± 0.09 3.44 ± 0.10 1164.2 ± 413.9 0.30 3.27 ± 0.10 1067.0 ± 347.3 −5.1% −8.3%

SS+EJT+IHX 0.70 ± 0.09 3.56 ± 0.10 1284.9 ± 431.0 0.30 3.47 ± 0.09 1219.5 ± 392.5 −2.6% −2.4%
SS+Eco/PC+IHX 0.83 ± 002 3.73 ± 0.09 1275.7 ± 425.1 0.30 3.60 ± 0.10 1211.7 ± 385.4 −2.5% −5.0%

TS+Eco+IHX 0.89 ± 0.01 3.76 ± 0.04 1197.0 ± 335.5 0.30 3.51 ± 0.08 1106.2±  291.5 −6.5% −7.6%
TS+FT+IHX 0.88 ± 0.01 3.78 ± 0.04 1210.8 ± 338.7 0.30 3.58 ± 0.07 1132.8 ± 301.6 −5.4% −6.4%

Figure 14. Comparison of the predicted COP of HTHPs in the present study with the COPs of large-scale 
IHPs on the market.  

5.3 Discussion: Environmental Analysis of HTHPs Application in the 5600/5700/5800 

Complex at ORNL

The environmental analysis is based on using 1 MW HTHPs to recover some waste heat from 

Frontier supercomputer, replacing commercial nature gas boilers with 90% annual fuel utilization 

efficiency, for providing 85oC hot water for water and space heating in the 5600/5700/5800 

IHX,max IHX
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complex. Figure 15 compares the TEWI metric of HTHPs with the investigated configurations and 

low-GWP refrigerants under the scenarios of  and . It demonstrates that the 

indirect CO2 emissions from the consumed electricity dominate the total equivalent CO2 emission, 

e.g., >96.5% for R245fa and >99.9% for low GWP refrigerants. Therefore, the values of TEWI 

under the scenario of  is slightly smaller than those of . The advanced 

configurations with higher COP, such as SS+Eco/PC+IHX, TS+Eco+IHX, and TS+FT+IHX, 

provide lower valves of TEWI. The lowest values of TEWI are 5,520 and 5,650 metric tons of 

CO2, which are achieved by the TS+FT+IHX and the SS+Eco/PC+IHX with R1234ze(Z) under 

the scenarios of  and , respectively. 

IHX,maxε IHXε 0.3

IHX,maxε IHXε 0.3

IHX,maxε IHXε 0.3
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(a)

(b)
Figure 15. TEWI metric of HTHPs with various configurations and low-GWP refrigerants under the 

scenarios of (a)   and (b) . The natural gas boiler efficiency is considered to be 90%. 

The natural gas boilers used for water and space heating in the 5600/5700/5800 complex at 

ORNL have TEWI of 38,700 metric tons of CO2 for a capacity of 1 MW. By effectively recovering 

the waste heat from the Frontier HPC-DC, an HTHP will significantly reduce 33,100–33,200 

metric tons of CO2, dominating 85.4%–85.6% of equivalent CO2 emission in natural gas boilers 

with an energy efficiency of 90%.

6. Conclusions

This study theoretically evaluates the technical feasibility of HTHPs in recovering the waste 

heat of HPC-DCs to provide supply heat up to 120℃ for district heating. The thermodynamic 

models of HTHPs are developed and used to extensively investigate the COP and VHC of five 

advanced configurations with various low-GWP refrigerants. The inverstigated configurations OF 

HTHPs include the SS+IHX, SS+EJT+IHX, SS+Eco/PC+IHX, SS+Eco+IHX, and SS+FT+IHX, 

and the low-GWP refrigerants are R1234ze(Z), R1233zd(E), R1224yd(Z), R600, and R600a. This 

study considers the HTHP with an SS configuration operating with R245fa as the reference. A 

IHX,max IHX 0.3 
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case study was carried out to recover the waste heat from ORNL’s Frontier supercomputer data 

center to supply heat for space heating and domestic hot water in ORNL’s building complex. The 

conclusions are as follows:

 IHX can effectively improve the performance of HTHPs with various configurations. A 

higher provides a higher COP and VHC of HTHPs. However, the maximum 

effectiveness of IHX, , is limited by the compressor's safe operating temperature 

(i.e., the maximum discharged temperature) and the temperature difference for a practical 

heat transfer process in the IHX. 

 The optimum values of the liquid mass fraction of economizers, , was characterized 

for the configuration of SS+Eco/PC+IHX. The optimum values of the pressure correction 

factors for the economizer and the flash tank, i.e.,  and , are characterized for the 

configurations of TS+Eco+IHX and TS+FT+IHX, respectively. 

 Under the scenario of , the TS+FT+IHX using R1234ze(Z) provides the highest 

COP, whereas the SS+Eco/PC+IHX using R600a provides the highest VHC.

 Under the scenario of , the SS+Eco/PC+IHX using R1234ze(Z) remains the best 

COP, whereas the SS+EJT+IHX using R600a provides the highest VHC. 

 Using low GWP refrigerants, the SS+Eco/PC+IHX provides the best overall performance 

in recovering DC’s waste heat in district heating under the scenarios of  and 

. The refrigerants R1234ze(Z) and R600a are the most promising as low and high 

flammability solutions, respectively, considering trade-offs between COP and VHC. 

 The total equivalent CO2 emission of HTHPs is dominated by the indirect emission from 

consumed electricity. A 1 MW HTHP significantly reduces 33,100-33,200 metric tons of 

IHX

IHX,max

Eco

Ecok FTk

IH X ,m ax
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CO2, accounting for 85.4%-85.6% of equivalent CO2 emission generated by natural gas 

boilers.

This study explores a potential solution of using HTHPs technology to leverage the DC waste 

heat for space or water heating. In subsequent research, techno-economic and environmental 

analyses for a pilot demonstration will be conducted. The solution can be used to modernize 

energy-intensive data centers into efficient, sustainable, resilient operations. Although the case 

study was carried out in a liquid-cooled data center, the high-temperature heat pump technologies 

could be applied to the data center with other cooling systems using air-to-liquid or liquid-to-liquid 

heat exchangers as the evaporators. The heat demands from the end-users are critical in integrating 

HTHPs with data centers. The investigated HTHPs with a high supply temperature (up to 120℃) 

expand the fields of applications, such as replacing fossil-fuel boilers used in the 1GDH and 2GDH 

and providing process heat in light industrial sectors. These support sustainable data centers and 

decarbonize the US's district heating and industrial process heating. 
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