
Applied Thermal Engineering 247 (2024) 122961

Available online 18 March 2024
1359-4311/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper 

Experimental and numerical investigation of a novel high-temperature heat 
pump for sensible and latent heat delivery 

Miguel Ramirez a,d,*, Felipe Trebilcock-Kelly a, José L. Corrales-Ciganda a, Jorge Payá b, 
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A B S T R A C T   

This paper investigates, both experimentally and numerically, the performance of a high-temperature heat pump 
(HTHP) prototype for steam production and thermal energy storage applications using R-1233zd(E) as a 
refrigerant. The main novelties of this prototype are the incorporation of an external subcooler to separate the 
sensible and latent heat production. Other novel points are the testing of a new variable-speed piston compressor 
that endures a discharge temperature of up to 160 ◦C, and the development of an advanced numerical model 
based on the components’ specifications. In this temperature range there are very few detailed studies up-to-date. 
The proposed HTHP was tested experimentally in 50 different working points selected based on the compressor’s 
limits and on the general requirements for industrial applications requiring heat at high temperatures, up to 150 
◦C. The results show that the proposed HTHP can deliver a total heat of 38.6 kW at 148.5 ◦C, within a tem-
perature lift of 66.8 K, with an electric power consumption of 10.7 kW, and with a heating coefficient of per-
formance (COP) of 3.6. Moreover, using the external subcooler resulted in a substantial increase in the COP, 
which can reach 33 % compared with similar HTHPs without a subcooler. After successfully validating the HTHP 
model with the experimental results, extended performance maps were developed based on more than 500 
possible operating conditions covering the most common steam generation and energy storage applications. 
Finally, four performance correlations were obtained, with an accuracy of ±10 %, hereby providing a black-box 
model to ease the integration of such HTHPs into dynamic simulations of industrial processes.   

1. Introduction 

In recent years, high-temperature heat pumps (HTHPs) have attrac-
ted increasing interest. The term HTHP is generally used in connection 
with industrial heat pumps, and often refers to heat pumps with heat 
sink temperatures above 100 ◦C. The system follows a vapor- 
compression cycle. The HTHP transfers heat from a lower-temperature 
heat source to a higher-temperature heat sink by means of a thermo-
dynamic input in the form of either work of heat. The operation is 
similar to conventional heat pumps but with different refrigerants than 
in space and water heating applications. Additionally, the higher tem-
perature and pressure in the cycle result in more demanding re-
quirements for the cycle’s components. A special attention is required in 
the compressor regarding the discharge temperature and the lubrication 

oil when working in high-temperature cycles. Consequently, careful, 
tailored designs and proper thermal management are required. 

The increasing commitment to fight against climate change has 
pushed the research and market development of HTHPs, since they 
promote waste heat recovery and can become key technologies for the 
decarbonization of the industry. HTHPs could substitute, partially or 
totally, the use of fossil fuel boilers to produce pressurized hot water or 
steam in the industry. 

Currently, heat pumps in the industrial sector deliver heat mainly up 
to 100 ◦C [1]. HTHPs, with higher delivery temperatures, are scarcely 
available on the market and are currently in the research phase, mainly 
in the form of lab-scale prototypes and with only a few industrial 
demonstrators [2]. According to Hamid et al. [3], heat pumps with de-
livery temperatures of 100 ◦C are already well-established in the in-
dustry, and the next target in HTHP technology is to reach from 100 ◦C 
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to 200 ◦C, where an estimated 27 % of industrial process heat demand is 
required. Further development and penetration of HTHPs in the industry 
require facing several challenges: technological (limitation of power 
consumption due to intensive electrification of the heating sector), 
economic (high investment and installation cost), regulatory, policy, 
and public acceptance issues. The technological challenge associated 
with intensive electrification of the heating sector is coupled with reg-
ulatory and policy considerations. However, the growing environmental 
awareness and the proliferation of both public and private decarboni-
zation initiatives can help in this transition. 

HTHPs have gained more and more attention in the last years: ac-
cording to the latest report from the IEA Annex 68 on HTHPs [4], 34 
technologies from different manufacturers are nowadays available. 
Although some of them have only been tested in the laboratory, 24 out of 
these 34 technologies have already been totally tested and qualified. The 
same report presented 18 demonstration cases in the industry. The heat 
sink was, in one case, hot water production; in 2 cases, a distillation 
process; in 4 cases, a drying process; and in 11 cases, steam production. 
Only 6 of these demonstrators employed closed-cycle vapor-compres-
sion technologies. The remaining 12 demonstrators employed either 
mechanical vapor recompression (9 cases) or thermally driven heat 
pumps (3 cases). The demonstration technologies have been installed in 
the refinery (4 cases); in the food and beverage industries (3 cases); in 
the pharmaceutical, sewage, and electronic industries (2 cases in each 
sector); and in the plastics, paper, and mineral industries (1 case in each 
sector). 

Several studies, such as from Jung et al. [5], Wolf et al. [6], Kos-
madakis et al. [7], and Marina et al. [8], show the potential of HTHPs for 
the decarbonization of numerous industrial processes in Europe and 

worldwide. The analyses reveal that the most relevant application areas 
for HTHPs are the food/beverage, chemicals, and pulp/paper industries 
for processes like drying, pasteurization, distillation, evaporation, ster-
ilization, or similar thermal processes with available waste heat from 
about 30 ◦C to 70 ◦C, for process heat demand from 80 ◦C to 150 ◦C [9]. 
Although the number of HTHP demonstrators is still small, the large 
potential for its deployment is recognized by the IEA Net Zero report 
[10], which presents a detailed roadmap to achieve industrial processes 
with zero CO2 emissions by 2050. The report presents a net zero scenario 
for 2050 in which around one-third of the total heat demand in the low 
(T < 100 ◦C) and medium (100 ◦C < T < 400 ◦C) temperature range in 
the light industries is covered by heat pumps. 

Additionally, HTHPs can be integrated into power-to-heat-to-power 
(P2H2P) systems that have gained more attention recently as a solu-
tion to mitigate the intermittency of renewable energy sources (RES). 
For example, the EU-funded “CHESTER” project [11] develops such a 
P2H2P solution, an innovative compressed heat energy storage (CHEST) 
system, which can efficiently store and manage thermal and electrical 
energy flows coupling supply and demand sides. The prototype pre-
sented in this work has been designed and tested considering the CHEST 
system application. 

1.1. State of the ART in high-temperature heat pumps 

In a recent review of industrial HTHPs, Jiang et al. [2] identified 15 
experimental studies with prototypes operating at sink temperatures 
exceeding 130 ◦C. Among these studies, only three of them included 
measurements with sink temperatures above 140  ◦C, and just two of 
them reported sink temperatures above 150  ◦C. Table 1 summarizes the 

Nomenclature 

A area [m2] 
COP heating coefficient of performance [–] 
Dh hydraulic diameter [m] 
DSH desuperheating [K], or [◦C] 
f friction coefficient [–] 
G mass flux [kg/m2⋅s] 
g gravitational acceleration [m/s2] 
h specific enthalpy [kJ/kg] 
k thermal conductivity [kW/m⋅K] 
ṁ mass flow rate [kg/s] 
ncomp compressor’s speed [rps], or [1/s] 
Nexp number of experimental points [–] 
p pressure [MPa] 
Pel electrical power [kW] 
Pr pressure ratio [–] 
Q̇ heat transfer rate/capacity [kW] 
q̇ heat flux [kW/m2] 
s entropy [kJ/kg⋅K] 
SC subcooling [K], or [◦C] 
T temperature [◦C] 
t wall thickness [m] 
u velocity [m/s] 
Vdisp compressor’s total displacement [m3] 
z spatial position (flow direction) [m] 
α heat transfer coefficient [kW/m2.K] 
β perimeter [m] 
ΔT temperature difference [K], or [◦C] 
ẋ vapor quality [–] 
ɳis isentropic efficiency [–] 
ɳo overall compressor efficiency [–] 
ɳv volumetric efficiency [–] 

v specific volume [m3/kg] 
∇ vector differential operator [–] 
ρ density [kg/m3] 
Φ void fraction [–] 
θ inclination angle [deg.] 
Ψ2 two-phase multiplier for frictional pressure drop [–] 

Subscripts 
comp compressor 
cond condensation/condenser 
dis discharge 
evap evaporation/evaporator 
f fluid 
g gas 
HTHP high-temperature heat pump 
i fluid cell index 
in inlet 
is isentropic 
j wall cell index 
lift temperature lift 
loss losses 
max maximum 
melt melting 
min minimum 
out outlet 
PCM Phase-Change Material 
r refrigerant 
snk sink 
src source 
subc subcooler 
suc suction or suction line 
w water 
wall plate wall  
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type of compressor, the refrigerant, the heat source range and maximum 
heat sink temperature, and the range of COP values obtained in each of 
these studies. Another recent review by Adamson et al. [12] classified 
HTHPs according to their thermodynamic cycle. 49 cycle configurations 
were identified, out of which 12 have undergone experimental in-
vestigations. Two out of these 12 studies have been incorporated in 
Table 1; the remaining 10 have either been already included by Jiang 
et al. [2] or do not include a complete set of experimental data. Table 1 
also covers two experimental studies that have been published since the 
previous reviews: one experimental study on the operation of a hybrid 
absorption-compression HTHP using NH3/H2O as refrigerant [13], and 
another work presenting experimental results of a HTHP with a scroll 
compressor using R-1336mzz(Z) as refrigerant [14]. 

Table 1 provides a summary of the experimental research conducted 
in the field, encompassing a total of 17 studies. Most of these studies, 

specifically 12 out of 17, focus on evaluating the performance of HTHPs 
using synthetic refrigerants. Within this category, six studies employ 
innovative ad-hoc refrigerant blends. Additionally, four studies inves-
tigate HTHPs employing fourth generation Hydrofluoroolefins (HFOs) 
refrigerants such as R-1223yd(Z), R-1233zd(E), R-1234ze(E) (tran-
scritical cycle) or R1336mzz(Z). Two of the aforementioned studies 
present experimental results involving R-245fa in a cascade configura-
tion with water or a custom refrigerant blend. In contrast, only five out 
of the seventeen studies explore the use of natural refrigerants, which 
include R-600, Pentane, NH3 (Ammonia), NH3/H2O, or water as their 
primary refrigeration medium. 

The experimental studies with HTHPs utilizing HFOs are summa-
rized in the upper rows of Table 1. To the authors’ knowledge before the 
present publication, only the research groups responsible for these 
studies have conducted and published measurement campaigns 
involving HFOs in this temperature range. 

Hassan et al. [32] compared the performance of different synthetic 
and natural refrigerants which can be employed in HTHPs designed for 
compressed heat energy storage applications. Their analysis showed that 
among these refrigerants, R-1233zd(E) could be a potential candidate 
for HTHP applications given its favorable environmental and thermal 
properties; besides, the performance is similar to the most commonly 
used refrigerant in HTHP applications (R-245fa). 

Arpagaus and Bertsch [17,33] presented an experimental compari-
son between low GWP refrigerants, R-1224yd(Z), R-1233zd(E), and R- 
1336mzz(Z), and the hydrofluorocarbon (HFC) refrigerant R-245fa. This 
prototype’s performance has also been compared with the data reported 
in Helminger et al. [16] and Nilsson et al. [34] showing similar trends, 
with Carnot efficiency values ranging between 29 % and 41 %. 

Although the piston compressor is one of the key technologies in 
industrial heat pumps, many compressor manufacturers still do not 
include it in their range of compressors targeting the HTHPs 
applications. 

Despite the fact that HTHPs market has grown steadily in recent 
years, the use of piston compressor technology in HTHPs applications is 
still limited and not developed much by many compressor manufac-
turers [35,36]. On the one hand, manufacturers such as Oilon [37] and 
Combitherm [38] offer HTHPs driven by piston compressors to supply 
heat up to 120 ◦C, using conventional piston compressors available in 
the market. On the other hand, manufacturers such as Heaten [39] and 
SPH [40,41] offer HTHPs with piston compressors specially developed 
for high-temperature applications in the capacity range between 0.5 and 
10 MW. The manufacturer SPH recently offered a HTHP that supplies 
either hot water at 165 ◦C or saturated steam up to ≈0.6 MPa(a). From 
the authors’ point of view, there is insufficient experimental data pub-
lished up-to-date regarding these newly developed HTHPs. This re-
inforces the need for detailed experimental analysis of HTHPs driven by 
piston compressors, using low-GWP refrigerants such as R-1233zd(E). 

This study analyzes experimentally and numerically the performance 
of a novel HTHP configuration under operating conditions which have 
not been previously explored in literature. Although the current work 
focuses on a specific HTHP case, the design, methodology, numerical 
modeling, and performance correlations can be of interest for other 
applications which require heat at constant temperatures, such as dry-
ing, sterilization, distillation, or direct steam generation. As a matter of 
fact, the current HTHP prototype has been experimentally tested and 
numerically validated under a wide range of operating conditions 
covering most steam generation and thermal energy storage 
applications. 

Based on the previous literature review, the novelties of the pre-
sented work can be summarized as follows:  

• Presenting an innovative design that incorporates a condenser and 
an external subcooler to supply the heat in two forms: latent and 
sensible. This configuration also results in a better matching between 
the flow streams inside heat exchangers. 

Table 1 
List of experimental works published found in the literature classified according 
to refrigerant used, compressor type, and maximum sink temperature.  

Refrigerant 
name [Type] 

Compressor 
type 

Tsrc [◦C] Tsnk,max 

[◦C] 
COP 
[–] 

Year/ 
Ref. 

R-1336mzz(Z) 
[HFOs] 

Scroll 83–117 >150 2.0–4.5 2023/  
[14] 

Piston 50–110 >150 2.4 2015/  
[15] 

45–95 >150 2.6–5.8 2016/  
[16] 

30–80 140–150 1.8–4.3 2019/  
[17] 

R-1233zd(E) 
[HFOs] 

Piston 30–80 140–150 2.1–4.7 2019/  
[17] 

R-1223yd(Z) 
[HFOs] 

Piston 30–80 140–150 1.4–4.5 2019/  
[17] 

R-1234ze(E) 
[HFOs] 

Piston 82 140–150 
(air) 

2–3.72 2019/  
[18] 

BY-5 [binary 
near- 
azeotropic 
mixture] 

Scroll 70–80 130–140 2.2–3.1 2017/  
[19] 

NBY-1 [binary 
synthetic 
mixture] 

Scroll 60–80 130–140 2.4–4.9 2019/  
[20] 

HT125 
[synthetic 
mixture] 

Piston 45–105 130–140 1.7 2016/  
[21] 

LG6 [synthetic 
mixture] 

Piston 40–90 130–140 2.74 2015/  
[22] 

ECO3 [synthetic 
mixture] 

Scroll 35–60 130–140 2–3 2012/  
[23] 

R-600 [Natural] Piston 35–75 >150 2.7–4.5 2022/  
[24] 

R-601 [Natural] Screw 40–90 130–140 3.0 1985/  
[25] 

Water [Natural] Twin screw 70–85 140–150 1.9–6.1 2020/  
[26] 

Centrifugal 90 130–140 5.5 2014/  
[27] 

NH3 [Natural] Twin screw 80–85 130–140 2.8–3.5 2016/  
[28] 

NH3-H2O 
[Natural 
mixture] 

Hybrid 
compression- 
absorption 
(piston) 

80–170 
(flue 
gas) 

>150 5.29 2022/  
[13] 

ND 130–140 ND 2016/  
[29] 

R-245fa +
Water [HFC 
+ Natural 
mixture] 

Piston(two 
stage) 

60 130–140 3.5 2017/  
[30] 

R245 + BY3A 
R245 + BY3B 
BY6 + BY3A 
[Different 
refrigerant 
mixtures] 

Piston 52–58 >150 2.3–3.2 2019/  
[31]  
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• Testing a new variable-speed piston-compressor, using R-1233zd(E) 
as refrigerant, explicitly designed for HTHP applications that can 
endure an internal temperature of up to 215 ◦C and a discharge 
temperature of up to 160 ◦C. 

• Developing and validating a detailed numerical model of the pro-
posed HTHP that considers the components’ specifications, a 
detailed discretization of the heat exchangers and tubes, and real 
performance curves of the compressor.  

• Generation of extended performance maps that cover 576 possible 
operating conditions of particular interest for applications of steam 
generation and sensible and latent thermal energy storage.  

• Deriving correlations to estimate the key performance indicators of 
the HTHP with an accuracy of ± 10 %. These correlations can be 
employed as a black-box model to enable the simulation of this HTHP 
in other applications. Furthermore, the correlations can be easily 
modified to upscale the system. 

2. System concept and possible applications 

The applications which were considered when designing the HTHP 
were steam generation and thermal energy storage applications. The 
idea was to split the delivered heat into two parts, latent and sensible, as 
exchanged in the condenser and the subcooler, respectively. This unique 
configuration allows for a better matching between the secondary-fluid 
and the refrigerant temperature profiles within the heat exchangers, 
minimizing the pinch points and the irreversibilities associated with the 
heat transfer process. 

Hassan et al. [42] investigated the ability of the proposed HTHP 
configuration, Fig. 1, to generate superheated steam using different 
natural refrigerants. The results were promising and showed that at a 
source temperature of 70 ◦C and condensation temperature of 120 ◦C; 
the current configuration could produce superheated steam at 150 ◦C 
from pressurized water at 60 ◦C. At these working conditions, the HTHP 
reaches coefficient of performance (COP) values of 3.83, 3.81, 3.74, 
3.42, and 3.30 with Propanone, n-Pentane, 1-Pentene, n-Butane, and 
Butene, respectively. The outlet steam temperature was fixed at 150 ◦C 
to ensure that the refrigerant discharge temperature is always ≤ 160 ◦C 
for the compressor’s safety. The results of the current HTHP configu-
ration were compared with the commercial SGH165 steam generation 
system presented by Kaida et al. [43]. SGH165 is a hybrid system which 
comprises a HTHP to produce saturated steam at 120 ◦C and a me-
chanical steam compressor to compress the steam up to 175 ◦C and 0.8 
MPa(g). The refrigerant is a mixture between R-134a and R-245fa. To 
produce superheated steam at 150 ◦C recovering heat at 70 ◦C, the 
SGH165 yields a COP of ≈2.3 which is around 40 % lower than with n- 
Pentane in the proposed HTHP. The main reason for this is the high 
power consumption of the steam compressor that can reach 50 % of the 
total electrical consumption of the system. Using a subcooler in the 
presented HTHP configuration also gives an advantage for preheating 
the liquid water before the condenser, hereby opening the possibility to 
employ waste condensed water from any industrial process. 

The option of integrating the proposed HTHP into a CHEST system 
was also investigated by Hassan et al. [44]. As illustrated in Fig. 2 (up), 
the HTHP charges a high-temperature thermal energy storage (HT-TES) 
system, where the latent heat is stored in a Phase-Change Material 
(PCM) that has a melting temperature of 133 ◦C, while the sensible heat 
is stored in a pressurized water tank. The source-side ranges between 40 
and 90 ◦C and could be obtained with industrial waste heat or with a 
seasonal pit thermal energy storage (SP-TES) system. The electricity 
required for the compressor could be obtained from renewable energy 
sources (RES). 

The Engineering Equation Solver (EES) program [45] was employed 
to develop a thermodynamic model of the current HTHP configuration 
integrated into the CHEST system using R-1233zd(E) as working fluid. 
The model helped to investigate the HTHP’s working limits and com-
ponents capacities. The main assumptions are: The CHEST system 

always works under steady state conditions; no heat losses in the HT-TES 
system; the PCM always melts and solidifies homogeneously at constant 
temperature; the heat stored by the HTHP is consumed by the organic 
Rankine cycle (ORC) with the same ratio; the refrigerant always enters 
the subcooler as saturated liquid; the refrigerant-side pressure drops in 
tubes and heat exchangers are neglected. The prosed EES model was 
validated successfully with the results of Jockenhöfer et al. [46]. 

Fig. 2 (down) shows an example of the numerical results of the 
current HTHP working between source and sink temperatures of 90 and 
133 ◦C, respectively. The fixed parameters are: overall compressor ef-
ficiency ηo = 60 %; volumetric efficiency ηv = 70 %; compressor speed 
ncomp = 25 rps; evaporator’s water-side temperature lift = 5 K; and pinch 
point in heat exchangers = 5 K. Under these working conditions, the 
proposed HTHP is capable of delivering a total heat of 62.5 kW by 
consuming 11.23 kW of electrical power, with a COP of 5.6. 

Hassan et al. [32] discussed the main limitations and challenges of 
integrating the current HTHP into the CHEST system. They stated that 
the minimum source temperature should be ≈60 ◦C, instead of 40 ◦C, to 
avoid the high-temperature lift and high discharge temperature >160 
◦C. Another challenging factor is the heat loss, which can reach up to 45 
% in such compressors. Controlling the compressor cooling process is 
crucial since high heat losses could result in liquid condensation at the 

Fig. 1. (up) Proposed steam generation system (HTHP with/without steam 
compressor), (down) T-s diagram of the proposed HTHP using 1-Pentene. 
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outlet of the compressor and in a low overall compressor efficiency. 
Another important aspect is the inlet water temperature range to the 
subcooler. The lower the inlet temperature to the subcooler, the higher 
the HTHP’s performance. However, in this case, the main limitation is 
the water mass flow rate through the subcooler, which could fall below 
150 kg/h (0.042 kg/s) and could cause control and stability problems. 
The partial load behavior of the HTHP is another challenge. This de-
pends mainly on the available source heat, available electricity from 
RES, and state of charge of the HT-TES system. Based on the compres-
sor’s manufacturer, the compressor should run between 8.3 and 25 rps. 
However, the authors expected that the compressor could face some 
difficulties running stable at speeds <13.3 rps due to high vibrations and 
control issues. 

3. Experimental setup and methods 

3.1. Description of the laboratory setup 

The HTHP prototype consists of a water-to-water vapor-compression 
refrigeration cycle. The configuration consists of a single-stage refrig-
eration cycle whose main components are the compressor, evaporator, 
condenser, subcooler, and the expansion device. Heat transfer to and 
from the HTHP is achieved using closed water loops. There are four 
separate pressurized water loops capable of delivering heating and 
cooling to the evaporator, the condenser, the subcooler, and the com-
pressor’s crankcase. All the heat generated by the HTHP is recycled by 
the thermal management system of the lab and delivered back to the 
HTHP to minimize energy consumption. 

The prototype and the water loops are equipped with instrumenta-
tion to monitor the operating conditions. In addition, the prototype’s 
pipelines and components, except the compressor casing, are fully 
insulated to avoid heat losses. 

3.2. Main components 

The HTHP uses a single-piston reciprocating compressor designed for 
high-temperature operating conditions. This is achieved owing to the 
sealing between the discharge side in the compression chamber and the 
lubrication system. This compressor has been experimentally tested in 
different HTHP prototypes using R-1336mzz(Z), achieving up to 150 ◦C 
as a heat sink temperature [34]. 

The condenser, evaporator, and subcooler are commercially avail-
able brazed plate heat exchangers (BPHXs) used for refrigeration ap-
plications. This choice is based on the low-capacity requirements, 
compact design, safety and performance. In addition, the plates type of 
design and their long thermal length improves heat transfer of two- 
phase flows. The expansion device is an electronic type which is 
controlled by an input signal. This allows flexibility in terms of config-
uration and can operate with any non-conventional working fluid. The 
control algorithm was designed by the authors in order to cover the 
requirements of the refrigerant and the working conditions applied to 
the heat pump. Besides the main components, the heat pump is also 
equipped with a liquid receiver, suction accumulator, oil separator, fil-
ters/dryers, valves, and the rest of the required auxiliary/safety com-
ponents. Fig. 3 shows photographs of the proposed HTHP and the 
scheme of the main and auxiliary components, with an indication of the 
positioning of measuring sensors and transducers. 

All the details and sizes of the components used in the HTHP are 
listed in Table 2. Moreover, further information about the criteria used 
for selecting the different components and details of the compressor has 
been discussed by Hassan et al. [32]. 

3.3. Testing campaign and methodology 

The performance and capabilities of the HTHP prototype have been 
investigated under a wide range of operating conditions listed in 
Table 3. This range was selected based on the compressor’s limits 
regarding the speed, internal and discharge temperatures, and the 
characteristics of the lubrication oil. 

All tests were performed under steady-state conditions in accordance 
with the permissible deviations listed in EN-14511:3 [47]. The current 
HTHP was operated for 30 min in steady-state before starting the data 
collection. The data collection was limited to 30 min using a sequence of 
one second per data logged. The tests are grouped into two sets based on 
operating conditions. In the first set of tests, the evaporator and sub-
cooler conditions changed while the condensing temperature was fixed 
at 134 ◦C. In the second set, the inlet water temperature to the evapo-
rator and subcooler was fixed at 80 and 60 ◦C, respectively, while the 
outlet water from the condenser ranged from 100 to 150 ◦C. 

The rationale behind this grouping was, for the first set the intention 
was to analyze the HTHP’s performance when integrated into a CHEST 
system, where the heat delivered by the condenser is used to charge a 
PCM tank with a melting temperature of 134 ◦C and thermal capacity 
delivered to the subcooler is limited. The second set of tests was selected 
to explore the HTHP performance at different sink conditions keeping 
evaporator and subcooler temperatures stable. The Tw,in,evap was 
selected as the middle temperature of the testing campaign and the Tw,in, 

subc due to better stability of the control in the water side at these con-
ditions. Only 18.3 and 25 rps compressor speeds were considered for this 
set of tests. 

3.3.1. Data reduction and equations 
Due to the configuration of the HTHP, the total heating capacity Q̇snk 

Fig. 2. (up) Conceptional integration of the current HTHP into the CHEST 
system, (down) T-s diagram of charging the CHEST system from 90 to 133 ◦C. 
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is expressed as the sum of the condenser capacity (Q̇cond) and the sub-
cooler capacity (Q̇subc). Eqs. (1)–(4) show the heat transfer rates for each 
heat exchanger based on the water side. 

Q̇cond = ṁw,condcp,w ΔTw,cond (1)  

Q̇subc = ṁw,subccp,w ΔTw,subc (2)  

Q̇snk = Q̇cond + Q̇subc (3)  

Q̇src = Q̇evap = ṁw,evapcp,wΔTw,evap (4)  

The total heat losses to the ambient are estimated from the energy bal-
ance of the HTHP as seen in Eq. (5): 

Q̇loss = Q̇src +Pel,comp − Q̇snk (5)  

The theoretical performance of the heat pump is calculated by Eq. (6): 

COPCarnot =
(Tcond + 273.15)

Tcond − Tevap
(6)  

The performance of HTHP is calculated by the heating COP, which is the 
ratio between the total heating capacity Q̇snk and the power consumed 
by the compressor Pel,comp (since the circulation pumps’ consumption is 
negligible compared with the compressor’s consumption), as shown in 
Eq. (7): 

Fig. 3. Pictures (up), and scheme (down) of the HTHP.  
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COP =
Q̇snk

Pel,comp
(7)  

Regarding the compressor, there are three main parameters to evaluate 
its performance. The first parameter is the isentropic efficiency, which 
indicates how far the compression process is from the ideal one, as 
expressed in Eq. (8): 

ηis =
hdis,is − hsuc

hdis − hsuc
(8)  

The enthalpy values at the suction (hsuc) and discharge (hdis) are 
calculated using REFPROP V10 [48] using as input values the temper-
ature and pressure at the mentioned points. 

The second parameter is the volumetric efficiency, which expresses 
the volumetric flow rate referred to the theoretical value, as indicated in 
Eq. (9). The refrigerant mass flow rate (ṁr) is a measured value, and the 
volume at the suction (vsuc) line is calculated by REFPROP V10 using as 
input values the temperature and pressure at the compressor’s suction. 
The theoretical volumetric displacement is evaluated by the internal 
volume of the cylinder and the corresponding compressor speed in rps. 

ηv =
ṁr vsuc

Vdisp ncomp
(9)  

The final parameter is the overall efficiency which relates the ideal, or 
isentropic, work to the electrical power consumption, as expressed in Eq. 
(10). 

ηo =
ṁr
(
hdis,is − hsuc

)

Pel,comp
(10)  

The temperature lift of the heat pump is considered the difference be-
tween the outlet water temperature from the condenser and the water 
temperature entering the evaporator, as seen in Eq. (11). 

ΔTlift = Tw,out,cond − Tw,in,evap (11)  

3.3.2. Monitoring and uncertainties 
The sampling periods for all testing points have been selected under 

steady-state operation. The water temperature inlet conditions in the 
evaporator, condenser and subcooler are the main setpoint parameters. 
The frequency of measurements is one second, and the minimum sam-
pling period is 20 min. 

The refrigerant and the water loops are monitored with calibrated 
instrumentation responsible for reading temperature, pressure, flow 
rate, density, speed, and power consumption values. Temperature and 
pressure are measured at the inlet and outlet of the heat exchangers, 
expansion valve, and compressor. The mass flow rate and density are 
measured in the liquid line before the expansion device. The prototype is 
equipped with a control and power supply cabinet, with instrumentation 
for measuring the power consumption. The thermodynamic properties 
of the refrigerant are calculated using REFPROP V10. In addition, the 
water flow rate and temperature are measured at the inlet and outlet of 
the heat exchangers and the compressor’s oil cooling loop. 

The measured parameters, the specifications of data acquisition 
equipment, and their accuracy values are listed in Table 4. 

The uncertainties have been calculated using the error propagation 
method [49]. The total uncertainties include three components: the test 
uncertainty (based on the standard deviation), the resolution uncer-
tainty, and the precision uncertainty. A normal distribution is assumed 
for the test and precision uncertainties, while a triangular distribution is 
assumed for resolution uncertainty. 

4. Experimental results 

A total of 50 tests were performed during the experimental 
campaign, accounting for a total operating time of 67 h. The testing 
periods varied between 20 and 80 min and data was collected during 
steady-state condition. 

4.1. HTHP performance 

As mentioned before, the heating and cooling capacity values have 
been calculated from the measurements of the water side. The total 
heating capacity (Q̇snk) is the sum of the heat delivered by the condenser 
(Q̇cond) and the subcooler (Q̇subc) to their respective water loops. The 
source capacity is the heat transferred to the evaporator by the water 
loop (Q̇src). The water temperatures set for the evaporator, subcooler, 
and condenser are presented in Table 3. 

The resulting Q̇snk of the HTHP ranged between 15.5 and 66.1 kW, 
while the Q̇src was between 16.1 and 56.6 kW during the first set of tests. 
In the same set of tests, the HTHP was tested under three different 
subcooler inlet water temperature values (Tw,in,subc), for every heat 
source temperature maintaining a fixed condensing temperature of 134 
◦C. For a given compressor speed, the HTHP performed better under Tw, 

in,subc = 40 ◦C, as seen in Fig. 4; the lower the Tw,in,subc, the higher the 
Q̇snk. The lower the Tw,in,subc, the higher the temperature difference of 
both flows in the heat exchanger, as also observed by Hassan et al. [32]. 
This results in a higher heating capacity in the subcooler and therefore in 
the overall heating capacity, while the compressor’s work remains 
equal. For a given Tw,in,subc, increasing the compressor speed, also in-
creases the heat delivered by the HTHP as expected. The Q̇snk under 
compressor speeds of 25 rps was by 26–29 % higher than for 18.3 rps, 
under all Tw,in,subc. While for 13.3 rps the Q̇snk was by 23–33 % lower 
than under 18.3 rps for all all Tw,in,subc values too. However, by 
increasing the compressor speed, the refrigerant mass flow rate in-
creases, as well as the pressure drop and, therefore, the compressor 
consumption. For the same operating temperatures, the Q̇snk of the 
HTHP increased by 27 % when increasing the compressor speed from 
18.3 rps to 25 rps, while the Pel,comp increased by 32 %, resulting in a 
drop of COP of 7 %. This was also observed in the numerical analysis of 
Hassan et al. [28]. 

Q̇subc and Q̇cond were approximately in the same range. The heat 

Table 2 
List of the components of the HTHP prototype.  

Component Manufacturer/model Specification Value 

Working fluid Honeywell R-1233zd 
(E) 

Charge 13 kg 

Compressor VHE HBC511 Displacement@24.2 
rps 

41.5 m3/ 
h 

Condenser SWEP B320 Heat transfer area 12.2 m2 

Subcooler SWEP B86 Heat transfer area 2.88 m2 

Evaporator SWEP V200 Heat transfer area 8.77 m2 

Expansion device SIEMENS MVL661 Max. capacity 96 kW 
Liquid receiver CARLY RLHCY Internal volume 40 l 
Suction 

accumulator 
CARLY LCY 1011 Internal volume 8.7 l 

Oil separator CARLY Turboil 3009 Internal volume 2.5 l  

Table 3 
Setting values of the water temperatures and the compressor speed for all the 
experimental campaign.  

Tests Evaporator 
Inlet 

Subcooler 
Inlet 

Condenser 
Outlet 

Compressor speed 

[◦C] [◦C] [◦C] [rps] 

1st set 70 40, 55, 70 134 13.3, 18.3, 25 
80 
90 

2nd set 80 60 100–126 18.3  
80 60 100–150 25  

M. Ramirez et al.                                                                                                                                                                                                                               



Applied Thermal Engineering 247 (2024) 122961

8

delivered in sensible heat form, the subcooler delivered between 44.8 % 
and 52.2 % of the total heat provided by the heat pump, with the 
remaining heat coming from the condenser. The water temperature lift 
inside the subcooler ΔTw,subc was measured between 32.5 and 104.7 K, 
achieved by maintaining a low mass flow between 0.02 and 0.11 kg/s. 
This HTHP is therefore applicable for processes where two loads must be 
covered, one for steam generation covered by Q̇cond, and the second for 
heating processes with high temperature lift requirements which can be 
supplied by Q̇subc. The waste heat required (Q̇src) must be higher than the 
individual sink sides. 

The heat losses ranged between 2.2 and 7.3 kW, which in some cases 
exceeded the expected theoretical values by up to 10 %. The sources of 
heat losses were identified mainly through the enclosure of the 
compressor and a small part via the compressor’s oil-cooling water loop. 
The corresponding fraction of each source on the total heat losses could 
not be accurately measured due to the lack of appropriate measuring 
devices at each source. 

During the second set of tests, the heating capacity of the condenser 
decreased as the condensing temperature increased. At the same time, 
the heating capacity of the subcooler Q̇subc was also enlarged. This de-
rives from the slope of the saturation lines and the thermodynamic 
properties of the refrigerant. As observed in the P-h diagram of R-1233zd 
(E) (Fig. 5), the higher the condensing temperature, the lower the 

available latent heat. 
For the cases of Tw,out,cond = 137 ◦C and 143 ◦C the water flow rate 

within the subcooler was controlled automatically which caused the 
subcooling degree to drop. This resulted in lower evaporating and 
condensing capacities as shown in the P-h diagram in the cases of red 
and brown cycles. 

Fig. 6 presents the COP tendency as a function of the temperature lift 
of the HTHP. The values represent the theoretical COPCarnot and the COP 
values of the heat pump, including their respective error margins. The 
COP of the HTHP ranged between 3.3 and 7 for ΔTlift values between 15 
and 67 K. As expected, the results showed better COP under low- 
temperature lifts and low values of inlet water temperature to the 
subcooler. 

The highest COP was recorded during the test with the lower tem-
perature difference between the evaporator water inlet and the 
condenser water outlet. This case was the test point with a heat source 
temperature of 80 ◦C and a water inlet temperature to the subcooler of 
60 ◦C. The water outlet temperature from the condenser was 96 ◦C for a 
compressor speed of 18.3 rps. However, these high COP values were 
observed at very low ΔΤlift values. These values were included in the 
testing campaign as extreme points and could be defined as unrealistic 

Table 4 
Specifications of the measuring equipment and their accuracy and uncertainties for measured and calculated variables.  

Parameter Sensor type/model Range Accuracy Uncertainty 

Refrigerant temperature PT-1000 AKS21 0─200 ◦C ±0.2 ◦C 0.2─2.6 ◦C 
Water temperature PT-100 0─160 ◦C ±0.1 ◦C 0.1─3.3 ◦C 
Refrigerant pressure Pressure transducer 0─3 MPa(g) typical ± 1 % full scale, max ± 4 % full scale 0.014─0.06 MPa 
Refrigerant 

flow rate 
Coriolis SIEMENS Sitrans FC-430 0.2─1.2 kg/s ±0.1 % 0.001─0.012 kg/s 

Water 
flow rate 

Electromagnetic 
Siemens Sitrans FM- MAG 3100 

0186 l/s ±0.2 %, ±0.37 l/s 0.37─1.45 l/s 

Current Beckhoff EL3403 power measurement terminal 
+ 3 Carlo Gavazzi CTD-1X current transformers 

050 A pro phase(full scale) 0.5 % to full scale ─ 

Voltage Beckhoff EL3403 power measurement terminal 0─500 V pro phase(full scale) 0.5 % to full scale ─  

Calculated Variables 
Compressor’s electric power (Pel,comp) 4.1─14.1 kW ─ 0.03─0.20 kW 
Condenser’s capacity (Q̇cond) 7.6 ─43.5 kW ─ 1.3─4.6 kW 

Subcooler’s capacity (Q̇subc) 5.4 ─29.7 kW ─ 0.2─0.9 kW 

Evaporator/source capacity (Q̇src) 8.3─44.9 kW ─ 1.4─4.5 kW 
COP 3.6─ 6.9 ─ 0.1─0.8  

Fig. 4. Total heating capacity (Q̇snk) versus the temperature lift for stable 
condensation temperatures at different compressor speeds and subcooler’s 
water inlet temperatures. 

Fig. 5. p-h diagram of the proposed HTHP delivering heat at different sink 
temperatures under constant Tw,in,evap = 80 ◦C, Tw,in,subc = 60 ◦C, and ncomp =

25 rps. 

M. Ramirez et al.                                                                                                                                                                                                                               



Applied Thermal Engineering 247 (2024) 122961

9

conditions to run a HTHP. 
The resulting COP values from this study have been compared to the 

correlations found in the literature (Fig. 7) for experimental results of 
similar laboratory-scale HTHPs. These studies present experimental re-
sults of HTHPs using either R-1233zd(E) or R-1336mzz(Z) [50,16,34]. 
One of these correlations, that are presented in Arpagaus et al. 
[17,33,50] has been obtained from measurement of a heat pump 
designed with the same compressor from Viking Heat Engines used in 
our study, but that has been measured operating with R-1336mzz(Z) 
[34]. 

The HTHP is not equipped with an internal heat exchanger (IHX). 
The idea was to take maximum advantage of all the hot liquid refrig-
erant after the condenser to store the heat in a sensible form using the 
subcooler. In addition, both the condenser and the subcooler use 
different water loops which can be regulated individually. Therefore, 
the current COP values are comparable with those presented in Arpa-
gaus et al. [1] in which the IHX is not included in the loop. It can be seen 
that for values of ΔTlift above 60 K, the current COP values are similar to 
the mentioned study. In addition, the COP values for operation including 
the subcooler are up to 2 units higher than the studies considered in 
Fig. 7. The COP values are slightly wider spread due to the impact of the 
different subcooler water inlet temperatures on the subcooler’s heating 
capacity. The improvement of the COP of this heat pump configuration 
is mainly due to the individual water loop cooling the subcooler at 
temperatures below 60 ◦C. This allows the rise of the sensible heat 
transfer rate, also increasing the temperature glide, and therefore, the 
overall thermal capacity of the system. 

4.2. Compressor performance 

In the current study, the suction pressure ranged between 0.38 and 
0.65 MPa(a) and the discharge pressure between 1.03 and 2.7 MPa(a). 
These operating conditions resulted in Pr values between 2 and 5.8 
which correspond to ΔTlift values from 15.2 to 66.8 K. 

The measured suction and discharge temperatures versus the pres-
sure ratio values are presented in Fig. 8. The suction temperatures 
ranged between 69 and 90 ◦C, while the discharge temperatures ranged 
between 108.7 and 154 ◦C, respectively. As expected, the higher the 
difference between the suction and discharge temperatures, the higher 
the pressure ratio. This leads to more work from the compressor, and to 
higher electric power consumption. 

The power consumption of the compressor is presented in Fig. 9 
versus pressure ratio values. The electric energy consumed by the 
compressor increases with the compressor speed as it is observed for the 
tests implemented under 13.3, 18.3 and 25 rps speed values. The lowest 
power consumption is 4.3 kW under a compressor speed of 13.3 rps, 
source temperature of 70 ◦C, and sink temperature of 135 ◦C. The 
maximum power consumption is 12.8 kW and was recorded during the 
test performed under 90 ◦C and 134 ◦C heat source and heat sink tem-
peratures, respectively, at a compressor speed of 25 rps. For similar 
compressor speeds, the higher the pressure ratio, the lower the power 
consumption. This is a result of the density of the vapor in the suction 
line. The higher the Pr, the lower is the suction line temperature, which 
results in a lower density of the suction vapor and therefore less energy 
required by the compressor to compress the vapor. 

The calculated volumetric efficiency ηv of the compressor varied 
between 57 % and 82 %, as shown in Fig. 10. As expected, the ηv is 
inversely proportional, in a linear relationship, with the pressure ratio as 
the internal losses increase with higher pressure ratio values. The ηv 
values under the speed of 25 rps are higher by 3–5 % than the ones under 
the speed of 18.3 rps. 

The isentropic efficiency ηis was calculated using the temperature 
and pressure measurements at the suction and discharge of the 
compressor. The heat losses of the compressor are high (up to 18 % of 
the total heat delivered), hereby shifting the discharge temperature near 
to the saturation line, as seen in Fig. 5. This could result in ηis values 
≥100 %. The ηis values presented in Fig. 10 are from the second set of 
tests under a compressor speed of 18.3 and 25 rps. ηis is higher for low 
compressor speeds since, for high-speed values, the heat losses and 
pressure drop within the valves are higher, which could have an impact 
on the sealing performance within the cylinder. 

As mentioned previously, the oil cooling and the heat dissipated 
through the compressor casing were the primary sources of the heat 
losses. The latter were in the range of 2.2 –7.3 kW, corresponding to 

Fig. 6. COPCarnot and COP values over the temperature lift range.  

Fig. 7. Comparison of the COP trendlines of the HTHP experimental results 
(with and without the subcooler), with data from literature over the HTHP 
temperature lift. Fig. 8. Compressor’s suction and discharge temperatures vs. the pressure ratio.  
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5–18 % of the total heating capacity of the HTHP. The compressor 
overall efficiency ηo presented higher values under 18.3 rps than for 25 
rps, ranging from 47 to 62 %. The higher values were observed between 
Pr = 3 and 4.5. 

The oil temperature in the crankcase was maintained at 90 ◦C by 
controlling externally the flow rate and the return temperature of the 
cooling water. The motor is enclosed in the compressor’s case, which 
causes a temperature rise with the power consumption. In Fig. 11 the 
mean oil temperatures are presented over the compressor’s power 
consumption. Considering the suction temperature values shown in 
Fig. 8, which are mainly at 80 ◦C, the oil temperature depends mainly on 
the power consumption and not on the suction temperature. This shows 
the importance of this specific compressor design where the suction gas 
is not in contact nor near from the motor, which is a common practice for 
conventional semi-hermetic reciprocating compressors to use the suc-
tion gas to cool down the electrical motor. Therefore, in the current 
compressor, the suction gas temperature can be increased above the 
operation limits of the electric motor. 

Significant solubility values of refrigerant in oil were observed dur-
ing the first tests. This was solved substantially by maintaining the oil 
temperature at approximately 5 K above the evaporation temperature, 
besides preheating externally the oil separator during the cold start-ups. 

5. Numerical modelling and performance map 

5.1. HTHP model description 

The current HTHP numerical model has been developed with the 
IMST-ART simulation tool [51]. IMST-ART combines accurate and fast 
algorithms and powerful analysis capabilities into a single software 
capable of simulating and analyzing the majority of vapor-compression 
refrigeration systems with almost any refrigerant and secondary fluids. 
IMST-ART can simulate a wide range of applications such as domestic 
freezers, supermarket cabinets, cold warehouses, air-conditioning units, 
heat pumps, mobile air-conditioning, and refrigeration equipment. 

The solution methodology, reported by Hassan et al. [32], to solve 
the proposed HTHP cycle can be summarized as follows:  

• Step 1: Input data: 

The input data are introduced directly using the graphical interface 
of the “Working Cycle” feature shown in Fig. 12 a, by specifying:  

o Refrigerant: IMST-ART includes an extended thermo-physical library 
for most refrigerants used in conventional heat pumps; including 
special refrigerants for HTHP applications, for example, R-1233zd 
(E), R-1336mzz(Z), R-1234ze(Z), and Butene among others. 

o Condenser and Evaporator: heat exchanger type (IMST-ART ac-
counts for finned-tube, brazed-plate, tube-and-wire, and micro-
channel heat exchangers, in the current case the BPHX is the selected 
one), secondary fluid data (type, inlet temperature, and outlet tem-
perature or flow rate), and heat exchanger geometrical data (external 
dimensions, plate material, number of plates, plate pitch, plate 
thickness, area enhancement factors, and port diameter).  

o Compressor: catalog data (parametric tables for mass flow rate and 
electrical power consumption as a function of compressor speed, and 
saturation suction and discharge temperatures), compressor speed, 
total displacement, oil volume, oil circulation rate, and heat losses 
percentage. 

o Accessories: subcooler (single-phase BPHX), connection lines speci-
fications (material, lengths, internal diameters, number of elbows, 
and type and thickness of insulation).  

o Heat pump working conditions: condenser outlet (fixed subcooling 
value, liquid receiver volume, or refrigerant charge), and expansion 
device type (fixed superheat value, capillary tube, or short tube with 
orifice). 

Fig. 9. Electrical power consumption of the compressor at different heat source 
and sink temperatures vs. the pressure ratio values. 

Fig. 10. Compressor’s volumetric, isentropic, and overall efficiency values 
under compressor speeds of 18.3 and 25 rps over the pressure ratio values. 

Fig. 11. Compressor’s oil temperature values during operation versus the 
compressor power consumption. 
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The previous components can be saved as stand-alone files to be 
uploaded directly in any other HTHP cycle.  

• Step 2: Discretization and initialization:  
o Compressor: parametric tables are generated for the compressor’s 

overall and volumetric efficiency based on input performance 
data. They are employed to estimate the electrical power con-
sumption (Eq. (11))and refrigerant mass flow rate (Eq. (10)).  

o Heat exchangers and tubes: they are discretized into segments 
along the refrigerant flow direction. The local variables for each 
segment are initialized. These include, for example, inlet and 
outlet velocities, flow rates, pressures, and temperatures.  

• Step 3: Cycle’s initial solution:  
o The evaporation and condensation temperatures/pressures are 

estimated based on the secondary fluids’ temperature lift.  
o The compressor’s sub-model is used to estimate the mass flow rate 

of refrigerant based on the estimated pressure ratio and suction 
enthalpy.  

o Based on the previous estimations, heat exchanger’s sub-model 
helps calculate the initial solution for the evaporator, condenser, 
and subcooler.  

• Stage 4: Cycle’s calculations and iteration process:  
o Each HTHP’s component has its own sub-model inside IMST-ART 

to estimate the outlet pressure and enthalpy based on the input 

pressure, enthalpy, and mass flow rate in the form: f
(

pin, hin,

pout,hout , ṁ
)

= 0. Therefore, the problem is reduced to a system of 

non-linear equations which is solved iteratively, as mentioned by 
Corberan and Gonzalvez [52].  

o This system of equations is solved using a standard solver which 
follows the MINPACK subroutine HYBRD1 [53]. The latter is based 
on a modification of Powell’s hybrid algorithm. This algorithm is a 
variation of Newton’s method, which uses a finite-difference 
approximation to the Jacobian and takes precautions to avoid 
large step sizes or increasing residuals. For a detailed description 
of the method, refer to Powell [54].  

o The Euclidean norm, square root of the sum of squares, of this set 
of equations is used as the global convergence criteria. A valid 
solution is expected when the Euclidean norm ≤ 1x10-6 [52].  

o The heat exchanger’s sub-model is based on the semi-explicit 
method for the wall temperature linked equation (SEWTLE) pro-
posed by Corberán et al. [55]. The solution procedure starts with 
the initial estimation of the wall temperature field. Based on this, 
the refrigerant and secondary fluids properties are estimated by 
applying mass (Eq.12), energy (Eq.13), and momentum (Eq.14) 
balances within each cell in the flow direction. The heat transfer 
coefficient and friction factor values are evaluated specifically in 
each segment based on the flow type and boundary conditions. 

ρu = G = constant (12)  

For single-phase flow: 

GA
d(h + u2/2)

dz
=
∑2

j=1
βjαj
(
Twall,j − T

)
(13a)  

For two-phase flow: 

GA
d
dz

[

x

(

hg +
G2x2

2ρ2
gφ2

)

+(1 − x)

(

hf +
G2(1 − x)2

2ρ2
f (1 − φ)2

)]

+GA(gsinθ)

=
∑2

j=1
βjαj
(
Twall,j − T

)

(13b)  

For single-phase flow: 

Fig. 12. (a) GUI of the “Working Cycle” feature in IMST-ART, (b) p-h diagram 
of the HTHP cycle under Tsrc = 80◦C, Tsnk = 150◦C, and 25 rps, (c) temperature 
profiles inside the condenser, and (d) temperature profiles inside 
the evaporator. 
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−
dp
dz

= f
ρu2

2Dh
+

d(ρu2)

dz
+ ρgsinθ (14a)  

For two-phase flow: 

−
dp
dz

=
2fG2(1 − x)2

Dhρf
Ψ2 +G2 d

dz

[
x2

φρg
+

(1 − x)2

(1 − φ)ρf

]

+
[
φρg +(1

− φ)ρf
]
gsinθ

(14b)  

kt
(
∇2Twall

)
= −

∑2

i=1
q̇i (15)  

Eq. (15) represents a balance between the longitudinal heat 

conduction between the current wall cell and the neighboring wall 
cells (left-hand side) and the heat transfer to/from the surrounding 
fluid cells (right-hand side). By integrating Eq. (15), the wall 
temperature field is updated based on the new estimation of the 
fluid temperature. The boundary conditions are given by the 
temperatures and pressures of the fluids at the entrance of the heat 
exchanger, and by the adiabatic condition for the outer plates of 
the heat exchanger. The previous steps are repeated inside an in-
ternal iteration loop until reaching convergence. The convergence 
is achieved when the residual of energy balance between the 
refrigerant- and secondary fluid-side is less than or equal to 1 ×
10− 6.  

• Step 5: Output data: 

Fig. 13. Comparison of estimated numerical (NUM) and experimental (EXP) data of (a) Tcond, (b) Tevap, (c) Q̇cond, (d) Q̇subc, (e) Q̇src, and (f) Pel,comp for ncomp = 25, 
18.3, and 13.3 rps. 
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o The cycle and components results are stored and shown to the user. 
To ease the detailed analysis of the results, IMST-ART also allows 
exporting all the results to an external Excel file or as a PDF report.  

o The results include, for example, the cycle representation on a p-h 
diagram (Fig. 12 b), detailed temperature profiles inside heat ex-
changers (Fig. 12 c and d), compressor’s performance parameters, 
and overall performance indicators for the given operating point. 

5.2. Model validation 

The developed HTHP model was successfully validated against the 
50 test points of the experimental campaign. The estimated values of 
evaporation and condensation temperatures are within ±1.5 K error 
bands with mean absolute error (MAE) values of ±0.58 K and ±0.60 K, 
respectively. The deviation of ±1.5 K was selected since the validation 
of the evaporation and condensation temperatures in literature usually 
ranges between ±1 and ±2 K. Predicting well these temperature limits 
is crucial for the estimation of the compressor work and mass flow rate. 
In the current study, the MAE for any parameter is calculated based on 
Eq. (16):  

The MAE of condenser capacity (Q̇cond), subcooler capacity (Q̇subc), and 
source/evaporator capacity (Q̇src) are ± 2.82%, ±8.30 %, and ±4.36 %, 
respectively. Generally, the proposed HTHP model is capable to predict 
≈87 % of the heat capacities within ± 0 % error bands, while the ≈13 % 
of values are within ±15 % error bands. The numerical values of the 
compressor’s electrical power consumption (Pel,comp) are within ±10 % 
error bands with a MAE of ±2.76 %. Fig. 13 compares the numerical and 
experimental performance parameters under compressor speed values of 
25, 18.3, and 13.3 rps. 

5.3. Detailed HTHP’s performance maps and correlations 

Once validated, the numerical model was used to generate extensive 
performance maps for the proposed HTHP. These maps are based on five 
main independent variables, which are: the compressor speed ncomp, the 
inlet water temperature to the evaporator Tw,in,evap, the water temper-
ature lift inside the evaporator ΔTw,evap, the inlet water temperature to 
the condenser Tw,in,cond, and the inlet water temperature to the sub-
cooler Tw,in,subc. The water temperature lift inside the condenser ΔTw, 

cond was fixed at 1 K to reproduce the PCM melting or the water evap-
oration inside the condenser. These variables are selected since they are 
they typically define the operational limits for any HTHP. 

Table 5 shows the range of independent variables used to generate 

the HTHP’s performance maps. Based on the literature review and the 
CHEST system requirements, this range was selected to cover the ex-
pected operational range for most HTHPs used to deliver heat between 
120 and 150 ◦C by recovering industrial waste heat between 60 and 100 
◦C. The inlet water to the subcooler is also an independent variable since 
it can come directly from the grid, from SP-TES, or as condensed water 
from any industrial process. The combination of these independent 
variables (full factorial of Table 5) produces 576 possible operating 
conditions. 

The four dependent variables, or key performance parameters 
selected for the HTHP’s performance maps, are Pel,comp, Q̇cond, Q̇subc, and 
Q̇src. They represent the main inlet and outlet energy flow to/from the 
proposed HTHP. The idea behind this selection of variables is to ease the 
integration of such type of HTHP in dynamic models for steam genera-
tion or energy storage systems with predefined source (supply) and sink 
(demand) profiles. Moreover, the performance maps can be easily 
upscaled for different applications. 

To simplify the extended performance maps, four correlations were 
derived for the main dependent variables as a function of the five in-
dependent variables. However, these correlations are not straightfor-

ward since there are potentially complicated interactions between the 
different independent variables. After generating the entire performance 
maps, they were converted to 3D surfaces, as shown in Fig. 14. Then, 
each response surface was bisected to different 2D figures to finally 
figure out the required relationships, not only between the dependent 
and independent variables, but also between the independent variables 
themselves. 

The main tool used to derive the correlations is the “Regression” 
feature of the Microsoft Excel program. This powerful and easy-to-use 
tool presents all the relevant statistical data for the regression of a 
given data set. The main statistical parameters used to analyze the 
correlations are: 

• Adjusted R2: This value is used to quantify the quality of the corre-
lation. This is achieved by indicating the variance of the dependent 
variable caused by the independent variable. A value close to one 
indicates that 100 % of the variation of the dependent variable is 
caused by the independent variable, and closer to zero indicates 0 %. 

• Significance-F: This value represents the likelihood that the regres-
sion model is significant. The probability is presented as a fraction, 
and as such a value as low as possible is aimed for. A standard 
measurement with Significance-F to be deemed accurate is to be <5 
%, and as such the target for this is Significance-F ≤ 0.05. 

• Probability values (P-Values): These P-values are similar to the Sig-
nificance F described above, but instead, these represent the proba-
bility that each coefficient of the regression is incorrect or doesn’t 
have a significant effect on the results. Once again, a standard 
measurement used for good accuracy is <5 %, so the target value for 
acceptability is for all individual P-values ≤ 0.05. 

With these parameters in mind, the following subsections illustrate a 
brief observation of the behavior of key performance parameters and the 
final set of performance correlations. 

Table 5 
Range of the independent variables of HTHP’s performance 
maps.  

Variable Range 

ncomp [rps] 13.3, 18.3, 25 
Tw,in,evap [◦C] 60, 70, 80, 100 
ΔTw,evap [K] 2, 4, 6 
Tw,in,cond [◦C] 120, 130, 140, 150 
Tw,in,subc [◦C] 20, 50, 75, 100  

MAE

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

=
1

Nexp

∑Nexp

1
|Predicted parameter − Measured parameter|, as a mean absolute difference

=

(
1

Nexp

∑Nexp

1

⃒
⃒
⃒
⃒
Predicted parameter − Measured parameter

Measured parameter

⃒
⃒
⃒
⃒

)

× 100, as a mean absolute percentage

(16)   
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5.3.1. Compressor’s electrical power consumption (Pel,comp) 
The Pel,comp correlation represents the main energy consumption by 

HTHP and significantly affects the HTHP’s COP. The first stage in the 
development of the Pel,comp correlation was to examine each indepen-
dent variable’s effect on the dependent variable by aids of 3D and 2D 
graphical representations. As seen in Fig. 14 a, Tw,in,subc does not have a 
measurable effect on Pel,comp under constant Tw,in,cond. On the contrary, 
Tw,in,evap shows a clear quadratic relationship, and the variation of ncomp 
indicates a linear relationship with Pel,comp. Fixing ncomp shows a 
quadratic relationship between Pel,comp and Tw,in,cond. ΔTw,evap has a 
negligible impact on the four selected dependent variables. 

Following these observations and after several attempts of trial-and- 
error, Eq. 17 shows the final correlation for the electrical power con-
sumption relative to the compressor’s speed.  

Pel,comp

ncomp
= C0 + C1Tw,in,evap

2 + C2Tw,in,evap + C3ncomp + C4Tw,in,cond
2 +

C5Tw,in,cond + C6Tw,in,evap
2Tw,in,cond + C7Tw,in,evapTw,in,cond

2 +

C8Tw,in,evapTw,in,cond 

(17)  

• Adjusted R2 = 0.986 
Significance-F = 0 
Percentage of data within ± 5 % error bands = 88.1 % 
Percentage of data within ± 10 % error bands = 100 %  

C0 = 1.9317E + 00 (P-value = 1.81E-03)  
C1 = − 9.6450E-04 (P-value = 1.57E-55)  
C2 = 6.1263E-02 (P-value = 1.69E-09)  
C3 = 3.6645E-03 (P-value = 1.15E-118)  
C4 = 4.9882E-04 (P-value = 5.80E-39)  
C5 = − 7.7765E-02 (P-value = 2.72E-17)  
C6 = 7.9357E-06 (P-value = 8.51E-61)  
C7 = − 5.8412E-06 (P-value = 9.80E-37)  
C8 = 2.5436E-04 (P-value = 2.70E-02)   

5.3.2. Condenser’s capacity (Q̇cond) 
The Q̇cond correlation represents the delivered latent heat for evap-

orating the water or melting the PCM at constant temperature. By 

comparing Fig. 14 a and b, it can be noticed that the curves of Q̇cond show 
a similar trend as Pel,comp; therefore, similar relationships between the 
Q̇cond independent variables could be expected, as for the Pel,comp cor-
relation. Based on this, the final proposed correlation for the Q̇condis 
shown in Eq. (18).  

Q̇cond
ncomp

= C0 + C1Tw,in,evap
2 + C2Tw,in,evap + C3ncomp + C4Tw,in,cond

2 +

C5Tw,in,cond + C6Tw,in,evap
2Tw,in,cond

2 + C7Tw,in,evapTw,in,cond
2 +

C8Tw,in,evapTw,in,cond 

(18)  

• Adjusted R2 = 0.999 
Significance-F = 0 
Percentage of data within ± 5 % error bands = 100 % 
Percentage of data within ± 10 % error bands = 100 %  

C0 = 5.5602E + 00 (P-value = 5.11E-14)  
C1 = 4.0559E-04 (P-value = 4.82E-32)  
C2 = − 5.0830E-02 (P-value = 6.12E-08)  
C3 = 5.6388E-03 (P-value = 1.26E-155)  
C4 = 5.1190E-04 (P-value = 4.65E-24)  
C5 = − 1.0167E-01 (P-value = 4.90E-18)  
C6 = 4.6512E-09 (P-value = 1.49E-02)  
C7 = − 6.1403E-06 (P-value = 3.31E-18)  
C8 = 8.8111E-04 (P-value = 3.37E-10)   

5.3.3. Subcooler’s capacity (Q̇subc) 
The Q̇subc correlation represents the delivered sensible heat to pre-

heat the liquid water before entering the condenser (Fig. 1); or to be 
stored in a sensible heat-thermal energy storage (SH-TES) system, as 
indicated in Fig. 2. This has an important impact on the system’s COP as 
shown in Fig. 7. The Q̇subc correlation is the most complicated since the 
subcooler works in a wide operating range, where SCsubc varies from 17 
to 113 ◦C, and ṁw,subc ranges from 0.014 to 0.2 kg/s. These conditions 
result in a capacity range from 1.4 to 52.2 kW. Unlike the previous 
dependent variables Pel,comp and Q̇cond, the Q̇subc has a strong linear de-
pendency on Tw,in,subc, as seen in Fig. 14c. The other independent 

Fig. 14. HTHP’s performance maps under constant Tw,in,cond = 140 ◦C and ΔTw,evap = 4 K where, (a) Pel,comp, (b) Q̇cond, (c) Q̇subc, and (d) Q̇src.  
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variables have similar trends and relationships with Q̇subc as in the case 
of Pel,comp and Q̇cond. Eq. 19 summarizes the relationships of Q̇subc with 
the independent variables.  

Q̇subc
ncomp

= C0 + C1Tw,in,evap
2 + C2Tw,in,evap + C3Tw,in,cond

2 + C4Tw,in,cond +

C5Tw,in,subc + C6Tw,in,evap
2Tw,in,cond + C7Tw,in,condTw,in,subc +

C8Tw,in,evapTw,in,subc + C9Tw,in,evapTw,in,subc
2 + C10Tw,in,evap

2Tw,in,subc 

(19)  

• Adjusted R2 = 0.999 
Significance-F = 0 
Percentage of data within ± 5 % error bands = 96.4 % 
Percentage of data within ± 10 % error bands = 100 %  

C0 = 2.5411E-01 (P-value = 8.84E-02)  
C1 = 1.2703E-04 (P-value = 2.99E-24)  
C2 = − 2.1913E-02 (P-value = 5.96E-32)  
C3 = − 1.0776E-04 (P-value = 2.40E-40)  
C4 = 1.4777E-02 (P-value = 4.44E-13)  
C5 = − 1.1561E-02 (P-value = 2.53E-28)  
C6 = 2.1518E-06 (P-value = 2.60E-255)  
C7 = 8.3885E-05 (P-value = 2.49E-140)  
C8 = 1.1844E-04 (P-value = 3.37E-06)  
C9 = − 1.6302E-07 (P-value = 1.86E-33)  
C10 = − 2.5383E-06 (P-value = 8.16E-50)   

5.3.4. Source capacity (Q̇src) 
The Q̇src correlation represents the required waste heat to be recov-

ered or upgraded by the HTHP. This is an important correlation to 
evaluate if the available waste heat is enough for the HTHP to satisfy a 
given demand. The same process is applied to drive a correlation of the 
Q̇src. The 3D map in Fig. 14 b shows that both Tw,in,subc and ncomp have a 
linear relationship with Q̇src; while Tw,in,evap has a quadratic one under 
constant Tw,in,cond. Under constant ncomp, varying the Tw,in,cond shows a 
linear relationship with Q̇src. Based on these explanations, Eq. (20) 
shows the proposed correlation for Q̇src.  

(continued on next column)  

(continued ) 

Q̇evap

ncomp
= C0 + C1Tw,in,evap

2 + C2Tw,in,evap + C3Tw,in,evap
2Tw,in,subc + C4Tw,in,subc +

C5Tw,in,evapTw,in,cond + C6Tw,in,cond + C7Tw,in,condTw,in,subc 

(20)  

• Adjusted R2 = 0.999 
Significance-F = 0 
Percentage of data within ± 5 % error bands = 97.6 % 
Percentage of data within ± 10 % error bands = 100 %  

C0 = 1.5146E + 00 (P-value = 2.66E-34)  
C1 = 8.3103E-04 (P-value = 4.20E-297)  
C2 = − 2.8429E-02 (P-value = 1.84E-49)  
C3 = − 1.9334E-06 (P-value = 1.35E-307)  
C4 = − 7.8424E-03 (P-value = 1.83E-33)  
C5 = − 2.0008E-04 (P-value = 8.19E-61)  
C6 = − 3.3919E-03 (P-value = 2.53E-04)  
C7 = 8.5533E-05 (P-value = 7.18E-60)   

Fig. 15 shows how successfully the proposed performance correlations 
can represent the complete performance maps of the current HTHP, 
where 100 % of the data are within ± 10 % error bands. 

6. Conclusions and recommendations 

This work includes the design, manufacturing and experimental 
testing of a HTHP working with R-1233zd(E). The heat pump delivers 
both sensible and latent heat. Moreover, a simulation tool has been 
developed and validated with the experimental results. The heat pump 
configuration has been designed to be integrated into industrial appli-
cations where waste heat is available, and the heat demand requires 
temperatures up to 150 ◦C. This HTHP is of interest for applications with 
additional high temperature glide values requirements in the sink side 
(subcooler). 

The experimental campaign consisted of 50 operating points where 
the heat source temperature ranged from 70 to 90 ◦C and the sink side 
(condenser) from 99 to 148.5 ◦C. The main conclusions of the current 

Fig. 15. Comparison of the proposed HTHP’s performance correlations (COR) and maps (MAP) for (a) Pel,comp, (b) Q̇cond, (c) Q̇subc, and (d) Q̇src.  
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work are summarized as follows:  

– The HTHP, for ΔTlift = 60–67 K, shows COP values from 3 to 4. This 
was achieved thanks to the innovative configuration of the HTHP, 
which exploited a large part of sensible heat in the subcooler, sub-
stantially increasing the overall thermal output. In addition, the 
lower the water inlet temperature in the subcooler, the higher the 
total heating capacity and the COP values.  

– The total heating capacity values (subcooler and condenser) ranged 
from 15.5 to 68.2 kW, with approximately 45─52 % of the total heat 
is delivered by the subcooler.  

– The compressor’s electric consumption ranged from 4.4 to 14.4 kW. 
The lower the heat source temperature and compressor speed, the 
lower the compressor consumption. The highest electricity con-
sumption was observed under high heat source temperatures com-
bined with high compressor speeds.  

– The heat losses are considerably high, reaching values up to 18 % of 
the total heat generated by the HTHP. The heat losses were a result of 
the difference between the energy entering the system and the useful 
thermal energy produced.  

– The heat losses were identified to happen via the oil cooling system, 
the liquid receiver and the compressor’s enclosure. This had a 
negative impact on the overall efficiency of the HTHP. An adequate 
insulation on the liquid receiver and the compressor could reduce the 
heat losses. In addition, the heat from the oil cooling loop could be 
used in the heat source loop to further decrease the heat losses.  

– Generally, the developed HTHP model can predict the performance 
parameters within ± 10 % error bands compared with experimental 
data. The validation study shows that the MAE values of the Pel,comp, 
Q̇cond, Q̇subc, and Q̇src are ± 2.76 %, ±2.82 %, ±8.30 %, and ± 4.36 %, 
respectively.  

– The extended performance maps (576 operating conditions) for the 
current HTHP were successfully summarized in four performance 
correlations (Eqs. 17─20) that depend only on four independent 
variables ncomp, Tw,in,evap, Tw,in,cond, and Tw,in,subc. They can predict 
100 % of the performance map within ± 10 % error bands. These 
correlations can be integrated and easily upscaled for the simulation 
of the HTHP in different industrial applications. 

In addition, the following points should be considered for a further 
development of such HTHPs:  

– For water-cooled compressors, the heat transferred to the cooling 
loop should be somehow incorporated again into the system to 
decrease the total heat losses. Improving the compressor insulation 
could be an option to reduce the losses to the ambient, but the effect 
of this on the discharge temperature should be carefully investigated.  

– Generally, single-piston compressors are not fully balanced and 
produce high-intensity vibrations, which could cause failures in the 
joints and fittings. The compressor’s support bench and the rest of 
the HTHP components should be designed to absorb the forces 
generated by these vibrations.  

– The fact that the compressor’s motor is not in connection to the 
suction gases allows increasing the heat source temperature beyond 
the maximum temperature of the electric motor without any hazards 
on the motor’s windings. 

– To minimize the refrigerant solubility in the oil sump, the oil tem-
perature should be maintained at least 10 K above the evaporation 
temperature.  

– Liquid refrigerant can end in the compressor’s oil from the return 
pipe of the oil separator, especially during cold start-ups. Proper oil 
separation system design and preheating of the oil separator’s 
metallic surfaces is recommended.  

– High-temperature compressors working with HFOs require special 
lubricants with high viscosity. These lubricants can lead to 

compressor faults during cold start-ups. Therefore, adequate lubri-
cant design and preheating of the oil is recommended.  

– The subcooler design must be carefully addressed considering the 
high ΔΤ values of both flows. Moreover, the water side of the sub-
cooler must be designed for high pressure operation to avoid 
bubbles.  

– The pipeline design of the HTHP, the positioning of high volume 
components, and the service ports must be studied. This can help to 
minimize the pressure losses, decrease the refrigerant charge in the 
system, and to facilitate fluid recovery and decommissioning phase.  

– The derived performance correlations predict well the stand-alone 
behavior of the HTHP. They can be employed a black-box model to 
reproduce the behavior of the HTHP in different industrial applica-
tions. As future work, further exploitation of these correlations 
would be very interesting after integrating this HTHP prototype into 
an industrial process. 
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