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A B S T R A C T   

Industrial and large-scale heat pumps are a well-established, clean and low-emission technology for processing 
temperatures below 100 ◦C, especially when powered by renewable energy. The next frontier in heat pumping is 
to extend the economic operating envelope to supply the 100–200 ◦C range, where an estimated 27% of in
dustrial process heat demand is required. Most high-temperature heat pump cycles operate at pressures below 
the refrigerant’s critical point. However, high-temperature transcritical heat pump (HTTHP) technology has - due 
to the temperature glide – a significant efficiency potential, especially for processes with large temperature 
changes on the sink side. This review examines how further developments in HTTHP technology can leverage 
innovations from high-temperature heat pump research to respond to key technical challenges. To this end, a 
comprehensive list of 49 different high temperature or transcritical heat pump cycle structures was compiled, 
which lead to classification of 10 performance-enhancing cycle components. Focusing specifically on high- 
temperature transcritical heat pump cycles, this review establishes six technical challenges facing their devel
opment and proposes solutions for each challenge, including a new transcritical-transcritical cascade cycle 
innovation. A key outcome of the review is the proposal of a new cycle that requires detailed investigation as a 
candidate for a high-temperature transcritical heat pump cycle.   

1. Introduction 

Energy consumption and generation is a significant part of the global 
economy. In 2019, the supply of global primary energy reached 162,000 
TWh, of which 84.5% (137,000 TWh) was supplied using fossil fuels [1]. 
With the need to decarbonise becoming ever more pressing, it is 
important to understand the global energy demand profile to develop 
effective low-emissions solutions for large energy consumers. An esti
mation of the total global energy demand for 2019 is presented in Fig. 1 
[2]. 

While industrial process heat only contributes 19% of the total en
ergy demand, it accounts for 36.8% (12.3 Gt CO2-e) of the total energy- 
related emissions due to the large proportion of energy supplied by fossil 
fuel boilers [4]. Global milestones, established by The International 
Energy Agency (IEA), to achieve net-zero greenhouse gas emissions by 
2050 will require industries to switch from fossil fuels to more sus
tainable and renewable sources [5]. One of these milestones outlines the 

transition to a 40% larger world economy while consuming 7% less 
energy by 2030, which would require wind and solar electricity gener
ation to increase by a factor of four and the uptake of ‘clean’ technolo
gies to increase by a factor of 18 to decrease the energy intensity of GDP 
by 4% per year. 

At the forefront of ‘clean’ technologies in the industrial energy 
transition is heat pump (HP) technology [6]. By utilising electricity, HPs 
can make use of ‘waste heat’ that is available in many processing in
dustries [7] to reduce the overall energy demand from fossil fuel boilers 
and therefore reduce emissions, particularly when powered by renew
able electricity. Zhu et al. [8] included HPs as one of six essential smart 
energy systems technologies. Further, Worrell and Boyd [9] applied a 
bottom-up approach to identify deep decarbonisation pathways for U.S. 
manufacturing where HPs enabled 22% of emission reductions based on 
a near-zero electricity grid. 

HP technology is a well-established for commercial and residential 
applications [10], district heating [11], and industrial process heat [12] 
for temperatures below 100 ◦C. HPs can provide flexibility for energy 
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grid systems as a demand-side response and management tool [13], 
which would enable greater uptake of intermittent renewable energy 
technologies, e.g., wind turbine and HP hybrid systems [14] and flexible 
utility systems [15]. The addition of thermal storage and system opti
misation can enable high efficiency operation, thereby minimising 
required capital investment in industrial-scale HPs [16]. 

High-temperature heat pump (HTHP) technology is much less 
established with limited commercially available units. For the 
100–200 ◦C process heating range where 27% of industrial process heat 
demand exists (Fig. 1), Arpagaus et al. [17] identified many promising 
HP applications, including drying, thermal separation and preservation 
in the food, paper, chemical, metal and plastic manufacturing sectors, 
that rely on steam heating from fossil fuel boilers. Most HP research in 
the open literature only covers heat sink temperatures up to 160 ◦C with 
relatively few studies going beyond this temperature. In this review, 
HTHPs are defined as those with heat sink temperatures above 100 ◦C 
[17], which has sometimes been referred to as very high-temperature or 

ultra-high-temperature heat pumps in other studies, e.g., Ref. [18]. 
Within HTHPs, there are sub-critical cycles, which require refrigerants 
with a high critical temperature (e.g., >120 ◦C), and transcritical cycles, 
which intentionally compress the refrigerant beyond its critical point 
and release heat in a gas cooler. 

Recent HP reviews have focussed on industrial-scale HTHPs, tran
scritical heat pumps and natural refrigerants (Table 1). Refrigerant 
development and evaluation have been a major focus of much HTHP 
research and reviews due to its direct effect on cycle performance and 
the need for phase-out of high global warming potential (GWP) and 
ozone depleting potential (ODP) refrigerants [19]. In contrast, a sys
tematic review and compilation of all the potential HTHP cycle struc
tures is needed with a focus on identifying and developing cycles that 
would be appropriate for HTTHP technology. 

This current review aims to identify research gaps and opportunities 
in the emerging field of HTTHP technologies (heat sink >100 ◦C) and 
their integration. To achieve this aim, the fundamental concepts of HP 
cycles are presented to identify how each of the essential processes 
(expansion, heat exchange and compression) may be enhanced to ach
ieve greater performance and higher temperatures. Subsequently, the 
review focuses on how these enhancement opportunities have been 
exploited in practice and finally the challenges and potential solutions to 
the advancement of HTTHP cycles (which have not been comprehen
sively reviewed to-date) are covered. 

The paper contributes to the literature in the following ways:  

• Presents a comprehensive collation (with performance metrics) of 49 
different sub-critical and transcritical HP cycles.  

• Identifies the potential of transcritical HP cycles for high- 
temperature (heat sink >100 ◦C) applications including an original 
new cycle structure.  

• Proposes key research directions including the need to combine 
process integration and HP cycle development to maximise energy 
efficiency (COP) and minimise greenhouse gas emissions. 

2. Heat pump fundamentals and components 

The components and operation of a basic HP cycle are different from 
other types of heating systems such as furnaces, boilers and electrical 
heating systems that generate heat. HPs absorb heat into a refrigerant 
(also commonly referred to as the working fluid) at a low temperature 

Nomenclature 

h Enthalpy, kJ/kg 
P Pressure, MPa 
s Entropy, kJ/kg-K 
T Temperature, K 

Abbreviations 
CFC Chlorofluorocarbons 
COP Coefficient of Performance 
GDP Gross Domestic Product 
GWP Global warming potential 
HCFC Hydrochlorofluorocarbons 
HCFO Hydrochlorofluoroolefin 
HFC Hydrofluorocarbons 
HFO Hydrofluoroolefin 
HP Heat pump 
HTHP High-temperature heat pump 
HTTHP High-temperature transcritical heat pump 
IHX Internal heat exchanger 
ODP Ozone depleting potential  

Fig. 1. Global final energy demand in 2019 by sector [2] with estimates for application temperatures and final energy sources [3].  
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(the ‘source’) followed by compression of the fluid that is accompanied 
by an increase in temperature, and subsequent rejection of the heat at 
the higher temperature (the ‘sink’). To close the cycle, an expansion 
process returns the fluid to its original state (i.e., original temperature, 
pressure, enthalpy, entropy) before re-entering the heat absorption 
process. In this way, the ‘waste’ heat from a stream in an industrial 
process, or heat from the environment, can be upgraded and utilised in 
other processes at the cost of work input. 

The COP expresses the thermodynamic performance of a HP system 
and is defined as the quantity of heat transferred to the heat sink divided 
by the quantity of work input to the compressor (Eq. (1)). The COP of a 
HP normally exceeds 1 and can be as high as 5 or 6 for indirect closed 
cycles and >10 for direct compression in an open cycle [39]. By contrast, 
industrial boilers achieve typical thermal efficiencies of 80%–90%, 
effectively equivalent to a COP of up to 0.90. 

COPHP =
QH

W
(1) 

Minimising compression work (W) while still achieving the heat sink 

target temperature and heat flow rate (QH) will result in increased COP 
values. 

The following sections explain the theory of the HP cycle and discuss 
the key components of expansion, compression, heat exchange, and 
refrigerant. This provides a context for the classification and discussion 
of HP cycles and performance advancement options. 

2.1. Fundamentals of the heat pump cycle 

A HP cycle that makes use solely of thermodynamically reversible 
processes (with the most common example being the reverse Carnot 
cycle [40]) can achieve the highest COPs for given source and sink 
temperatures [41]. The reverse Carnot cycle is an ideal cycle that 
comprises the following stages (Fig. 2): 1–2 an isentropic process during 
which a refrigerant is compressed adiabatically, 2–3 an isothermal 
compression process (during which heat is rejected to a sink at TH), 3–4 
an isentropic expansion process during which a refrigerant is expanded 
adiabatically, 4–1 an isothermal expansion process (during which heat is 
absorbed from a heat source at TC) that returns the refrigerant to its 

Table 1 
Existing heat pump review papers (between 2010 and 2021).  

Review 
paper 

Industrial-scale 
applications 

High-temperature heat pumps 
(above 100 ◦C) 

Transcritical heat 
pumps 

Natural Refrigerants, HFO, 
Hydrocarbons 

High-temperature transcritical 
heat pumps 
(above 100 ◦C) 

Jesper et al. [7] ✓✓ ✓ – ✓ – 
Zhang et al. [12] ✓ – – ✓ – 
Sarkar [20] – – ✓ – – 
Arpagaus et al. [17] ✓ ✓✓ – ✓ – 
Wu et al. [21] ✓ ✓ – ✓✓ – 
Chua et al. [22] ✓ – – ✓ – 
Schlosser et al. [23] ✓ – – – – 
Arpagaus et al. [24] – – ✓ ✓ – 
Bamigbetan et al. 

[25] 
✓ ✓ – ✓✓ – 

Gaur et al. [26] – – – ✓ – 
Goyal et al. [27] ✓ – – – – 
Ma et al. [28] ✓ – ✓ ✓ – 
Fischer and Madani 

[29] 
– – – – – 

Sarbu [30] ✓ – – ✓ – 
Cao et al. [31] – – ✓ – – 
Lecompte et al. [32] ✓ – ✓ ✓ – 
Huang et al. [33] ✓ – – – – 
Menon et al. [34] ✓ – – – – 
Mohanraj et al. [35] – – – ✓✓ – 
Austin and Sumathy 

[36] 
✓ – ✓✓ ✓ – 

Schlosser et al. [37] ✓✓ ✓ ✓ ✓ – 
Jiang et al. [38] ✓ ✓✓  ✓   

✓✓ Comprehensively reviewed, Main review focus 
✓ Comprehensively reviewed 
– Not mentioned or mentioned but not reviewed  

Fig. 2. (a) Carnot cycle schematic illustrated using (b) P-h and (c) T-s diagrams.  
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original state. Fig. 2 shows the four stages of a Carnot cycle plotted on 
temperature-entropy (T-s) and pressure-enthalpy (P-h) phase diagrams, 
where the black curve represents the saturation region (i.e., liquid and 
vapour saturation lines) and the blue lines represent the cycle stages. 

The COP of a Carnot HP cycle may be related directly to the source 
and sink temperatures: 

COPHP =
QH

W
=

THΔs
(TH − TL)Δs

=
TH

TH − TL
(2)  

where TH is the absolute temperature of the heat sink, TL is the absolute 
temperature of the heat source and Δs is the entropy change of the 
refrigerant during the isothermal heat absorption and rejection pro
cesses. Eq. (2) shows that the COP of a Carnot HP increases with 
increasing heat sink temperature (TH) and decreases as the temperature 
lift (i.e., the temperature difference between the heat sink and source 
temperatures, TH – TL), increases, and this is also generally true of 
practical HP cycles. As the processes in a reverse Carnot cycle are 
reversible, its performance is independent of the thermodynamic prop
erties associated with different refrigerants [42]. 

The Carnot HP (or refrigeration) cycle, which involves reversible 
compression of a two-phase fluid mixture, is physically impossible to 
achieve in practical systems. As a result, most real HPs operate on the 
vapour compression cycle (reverse-Rankine cycle) with isenthalpic 
rather than isentropic expansion as shown in Fig. 3 [41]. 

As the heat transfer, compression and expansion processes in real 
vapour-compression cycles are irreversible, the COP of a vapour 
compression cycle cannot be as high as that of a Carnot cycle operating 
between the same source and sink temperatures. In practice, real HP 
cycles have achieved up to 60% of the Carnot cycle COP [41]. 

The majority of HPs operate a subcritical vapour compression cycle 
where the heat is rejected below the refrigerant’s critical temperature 
and pressure as it condenses, as illustrated in the pressure-enthalpy (P-h) 
diagram in Fig. 4a [36]. By contrast, a transcritical cycle rejects heat at 
pressures above the critical pressure of the refrigerant through sensible 
cooling of a single supercritical phase in a gas cooler (Fig. 4b) rather 
than a condenser. The advantages of rejecting heat in the supercritical 
region are that the outlet temperature and pressure of the gas cooler are 
not interdependent (i.e. there are two degrees of freedom compared to 
one in the two-phase envelope) [36], which gives a greater scope for 
optimisation. The temperature glide of the refrigerant through the gas 
cooler is significantly greater than that across a condenser (subcritical 
cycle). Closer matching of the refrigerant temperature glide to the heat 
sink load temperature profile can reduce entropy generation and, more 
importantly, power consumption compared to a subcritical cycle 
equivalent [43]. As for subcritical cycles, the heat absorption in a 
transcritical cycle occurs via phase change of the refrigerant in an 
evaporator. 

As transcritical cycles involve significant temperature glide in the gas 

cooler, the Lorenz cycle [44], rather than the Carnot cycle, is the more 
appropriate ideal cycle to compare performance against. While the 
Carnot cycle operates between constant temperatures TH1 and TL, the 
Lorenz cycle may be thought of as a series of Carnot cycles where each 
cycle has an infinitesimally lower sink temperature than the neigh
bouring cycle for the temperature glide from TH1 to TH2. As a result, the 
Lorenz COP can be calculated by replacing TH in Eq. (2) with the loga
rithmic mean (TH,m) of TH1 and TH2, Eq. (3). If there is a glide on source 
side in the HP cycle, the logarithmic mean of the lower temperatures 
would also apply (e.g., reverse Brayton cycle). 

TH,m =
TH1 − TH2

ln
(

TH1
TH2

) (3) 

The pressure-enthalpy-temperature relationships of refrigerants 
depend on the molecular structure and composition of the refrigerant. 
Fig. 5, for example, demonstrates the stark contrast between the 
pressure-enthalpy relationship for isobutane and ammonia. The clearest 
difference between the two is the shape of the two-phase envelope under 
the saturation (curved black) line, with isobutane having the ‘skewed’ 
appearance characteristic of hydrocarbons, while ammonia has a more 
‘rounded’ shape like other low-molecular-weight fluids, such as water 
and carbon dioxide. The slope of the liquid saturation line (i.e., the 
portion of the saturation curve to the left of the critical point) has a 
significant effect on throttling losses, with losses increasing as the slope 
of the liquid saturation line decreases [42]. For vapour saturation curves 
like that of isobutane, significant superheating of the vapour before 
compression is required to prevent liquid droplets from forming in the 
compressor, which is often referred to as “wet compression” (Section 
3.3). A second observation is the contrasting isotherm shapes in the 
region above the critical point. For transcritical cycles (examples shown 
in red), the shape of the isotherms in the region above the critical point 
affects how well the refrigerant temperature profile matches the heat 
sink temperature profile. 

Thermodynamic inefficiencies, or entropy generation, can occur in 
each stage of a standard vapour compression cycle. They can be reduced 
by adding cycle components and selecting a suitable refrigerant for the 
given source and sink temperatures. Each stage of the cycle is considered 
separately in the following subsections. 

2.2. Expansion 

In the standard vapour compression cycle, the refrigerant is 
expanded freely and irreversibly (throttled) without recovering work 
from the expansion process (unlike the Carnot cycle). Throttling losses 
occur due to friction in the valve which expends the expansion energy 
[45]. Throttling losses are variable depending on the properties of the 
refrigerant, with higher heat capacity refrigerants tending to incur 
larger throttling losses [42]. In a subcritical vapour compression cycle, 

Fig. 3. (a) Reverse Rankine vapour compression cycle schematic illustrated using (b) P-h and (c) T-s diagrams.  
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the refrigerant should be fully condensed as a saturated or sub-cooled 
liquid as it enters the expansion device to ensure effective and consis
tent operation since they are designed to receive a high-density single 
phase. The amount of gas formed during the expansion (‘flash gas’) re
duces both refrigeration and heating capacity for the same total flow 
rate of refrigerant and compressor work, as well as the COP. 

Throttling losses can be reduced by:  

(1) Subcooling the refrigerant 

The amount of flash gas in subcritical systems may be reduced by 
subcooling the refrigerant before expansion [46]. Subcooling is often 
achieved through internal heat exchange (IHX) that superheats the 
compressor suction gas. With increasing degrees of subcooling, there is a 
maximum COP (depending on the refrigerant) that can be achieved due 
to the trade-off between increased compression work as compressor 
suction superheat increases and increased evaporator enthalpy differ
ence due to reduced flash gas requiring a lower refrigerant mass flow for 
the cooling duty [46]. 

For some transcritical cycles, depending on the refrigerant, the 
quality of the refrigerant (i.e. the fraction of refrigerant that is in the 
vapour state) exiting the expansion valve can be higher than for 
subcritical systems resulting in comparatively greater throttling losses 
[45]. These losses increase with increasing gas cooler outlet temperature 
[47]. Consequently, multistage expansion and expansion work recovery 
(discussed below) can have a comparatively greater effect on improving 
transcritical cycle COPs than for subcritical cycles.  

(2) Multistage expansion 

When significant flash gas is present, efficiency can be improved by 
using multi-stage expansion (Section 3.3). With multi-stage expansion, 
the flash gas from the high stage expansion is compressed from an in
termediate suction pressure, thereby reducing compression work rela
tive to a single-stage expansion where all the flash gas must be 
compressed across the full pressure lift.  

(3) Expansion work recovery (expanders or ejectors) 

Expansion work can be partially recovered by the addition of ejectors 
or expanders. Several expander devices have been developed, including 
scroll-type expanders [48], reciprocating expanders [49], double rolling 
piston expanders [50], turbo expanders [51], and vane-type expanders 
[47]. However, according to Zhang et al. [45], commercial uptake of 
expander technology has been slow. For most cycles, the expansion re
sults in the refrigerant entering the two-phase region which can nega
tively affect the mechanical integrity of the expander compared to 
single-phase expansion (standard technology). 

Ejectors are used in conjunction with flash vessels (refer to Arpagaus 
et al. [24] for multiple cycle arrangements) and are analogous to injector 
systems in steam engines in that they mix high- and low-pressure fluids 
to output an intermediate pressure fluid. An ejector chamber includes 
three stages, the nozzle stage, the mixing stage and the diffusing stage 

Fig. 4. Pressure-enthalpy diagrams displaying (a) subcritical heat pump cycle, (b) Transcritical heat pump cycle. Showing compression (1–2), condenser (2–3), gas 
cooler (2–3), expansion valve (3–4), evaporator (4–1), and critical point (C). 

Fig. 5. (a) Isobutane (R600a) P-h diagram with isotherms and (b) Ammonia 
(R717) P-h diagram with isotherms and isentropes. 
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(Fig. 6). The high-pressure refrigerant enters the nozzle, converting 
hydraulic pressure into kinetic energy that accelerates the refrigerant, 
and the high-velocity vapour at the nozzle exit entrains the low-pressure 
refrigerant entering through the mixing zone. In the diffusing zone, the 
velocity of the refrigerant mixture is reduced causing an intermediate 
pressure to be achieved. The outlet stream flows into a separator where 
the vapour and liquid refrigerant are separated with the vapour flowing 
to the compressor and the liquid flowing through an expansion device 
before entering the evaporator. With an ejector, the compressor suction 
pressure is higher for the same evaporation pressure. Therefore an 
ejector reduces throttling losses and decreases the pressure ratio [39,40, 
65], which is particularly important for HTTHP cycles since compression 
efficiency is generally reduced with increasing pressure ratio. Aspects of 
an ejector system that affect COP include the ejector efficiency, 
entrainment nozzle throat diameter and outlet diffuser diameter. 

2.3. Compression 

The thermodynamic inefficiencies associated with the compression 
process make up a significant fraction of the irreversibility of the overall 
HP cycle. As a result, advancements that reduce the compression work 
have a significant impact on COP. The Carnot cycle assumes reversible, 
adiabatic (and therefore isentropic) compression. The work of 
compression per mole of refrigerant may be calculated using Eq. (4) 
[53]: 

wisen = h2(P2, s) − h1(P1, s) ≅
RT1

1 − γ

[(
P2

P1

)γ− 1
γ

− 1

]

(4)  

where h1 is the suction enthalpy, h2 is the discharge enthalpy, P1 is the 
suction pressure, P2 is the discharge pressure, s is the constant entropy at 
both the suction and discharge, R is the ideal gas constant, T1 is the 
suction temperature, and γ is the ratio of specific heat capacity at con
stant pressure to specific heat at constant volume. Eq. (4) shows that the 
work of compression is directly proportional to the suction temperature 
and is also proportional to the pressure ratio (P2/P1) raised to a power 
that is less than 1. 

Real compression processes are irreversible. The efficiency of a 
compression process (ηisen) is evaluated by comparing the work required 
for isentropic compression (wisen) to that required by the real compres
sion process (wshaft). In addition to the irreversibility of the compression 
process, the electric motor that runs the compressor has an overall ef
ficiency of the compressor (ηo) resulting from the product of the isen
tropic efficiency (ηisen) and the motor efficiency (ηmotor), 

ηo = ηisenηmotor, where ηisen =
wisen

wshaft
, ηmotor =

wshaft

wel
(5)  

where wisen is the isentropic work, wshaft is the shaft work, and wel is the 
electricity consumption by the compressor. 

The efficiency of the compressor is mainly a function of the pressure 

ratio and the compressor design. The larger the temperature difference 
between the heat source and heat sink, the larger the pressure ratio 
required, and, typically, the lower the compression efficiency [26]. 
Multi-staging the compression process can reduce the pressure ratio of 
each compression stage such that each single-stage operates near its 
maximum isentropic efficiency and increases the overall compression 
efficiency [54]. 

Cooling the refrigerant at a constant pressure between compression 
stages (intercooling) can reduce the work of compression of the higher 
stage due to a lower average compression temperature; however, the 
discharge temperature of the higher stage will be reduced, which may 
not be desirable for HTHP applications, but can help reduce lubricant 
breakdown. 

When a flash vessel is positioned after an initial expansion at an 
intermediate pressure, the gaseous refrigerant (that is not useful for heat 
absorption) can be separated from the liquid phase and mixed with the 
discharge gas from a low-stage compressor and then recompressed. At 
an intermediate pressure, the compression work will be reduced relative 
to a single compression stage. In addition, flash gas partially cools the 
low-stage discharge vapour, which is superheated, such that the high- 
stage suction vapour is slightly cooler and hence compresses more effi
ciently. The liquid from the flash tank is expanded to the evaporator 
pressure having lower volumetric enthalpy than if gas were entrained, 
thereby reducing the quantity of low-stage expansion flash gas and 
increasing the enthalpy change during the evaporation process [55]. 
Alternatively, the low-stage compressor discharge vapour can be 
directly contacted with intermediate pressure liquid in the flash vessel to 
fully de-superheat the suction vapour to the high stage compressor (a 
fraction of the intermediate pressure liquid boils to cool the superheated 
vapour). In this case, the flash vessel is often called an ‘open intercooler’. 

Compression performance is also dependent on the refrigerant. 
Higher suction temperatures tend to decrease the refrigerant density and 
decrease the volumetric heating capacity meaning the same compressor 
has a lower mass flow rate, so a larger and more expensive compressor 
might be required. Another important aspect of the refrigerant is the 
slope of the isentropes (i.e., lines of constant entropy) on a pressure- 
enthalpy diagram (Fig. 5b). Conventionally, a low suction temperature 
and a steep isentrope are desirable to minimise compression work. Some 
refrigerants may require suction gas superheating to ensure the 
compression stage does not enter the two-phase region (wet compres
sion, Section 3.1). 

In transcritical cycles, optimal discharge pressures are required to 
maximise the COP of the cycle. Fig. 7 shows a P-h diagram for ammonia 
with cycles having increasing discharge pressures for a constant process 

Fig. 6. Simple ejector schematic [20].  

Fig. 7. P-h diagram of transcritical ammonia cycle at different discharge 
pressures [56]. 
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sink temperature exiting the gas cooler (160 ◦C) in which the enthalpies 
of Points 2 and 3 are varied. It can be seen that as the pressure changes, 
the slopes of the isotherms vary, which changes the properties of the 
refrigerant throughout the gas cooler [56]. As the discharge pressure 
increases, the COP for the HP is determined using Eq. (6), which may be 
used to identify the optimum pressure for achieving maximum COP. The 
optimum discharge pressure will be a trade-off between increased 
heating capacity at a higher pressure and higher compression work. The 
optimum pressure tends to be much larger than the critical pressure 
because the refrigerant isotherms are very flat (high heat capacity) near 
the critical point. 

COPHP =
(h2 − h3) + Δh2 + Δh3

(h2 − h1) + Δh2
(6) 

In some heat pump cycles the refrigerant is either absorbed into a 
liquid solvent [57] or adsorbed on a solid surface [58] in order that the 
energy-intensive vapour compression process may be avoided. In the 
absorption heat pump cycle the refrigerant/absorbent mixture is pum
ped as a liquid up to a higher pressure where the refrigerant is liberated 
from the absorbent in a regenerator through the transfer of heat. In 
adsorption refrigeration no pumping or vapour compression is required 
as the process is driven entirely by heat [59]. The thermodynamic effi
ciency of these systems tends to be significantly lower than for vapour 
compression cycles with COPs often below 1 [60]; however, if waste 
heat or solar heating is available they may compete economically with 
vapour compression cycles. 

2.4. Condensers, gas coolers and evaporators 

A HP cycle requires at least two heat exchangers. As essential com
ponents of the cycle, the condenser/gas cooler and evaporator are the 
connections to the heat sink and heat source streams. Internal heat ex
changers (IHXs) can be added to the cycle as an advancement to transfer 
heat between the refrigerant at different locations within the cycle. The 
addition of IHXs can improve cycle performance and influence the 
performance of other components such as the compressor. This 
advancement is covered in Section 4. 

Ipek et al. [61] demonstrated that the optimal operating conditions 
coupled with the most desirable heat exchanger type will minimise en
tropy generation (irreversibility) and work. Smaller temperature dif
ferences across the heat exchangers, however, generally require larger 
heat exchangers and greater capital costs. As a result, the design and 
sizing of the heat exchangers involve the optimisation of the acute 
trade-off between capital cost and cycle COP. A transcritical cycle could 
aid in the reduction of heat transfer related losses if the heat sink re
quires heating over a wide temperature range [62]. 

Entropy generation, which indicates exergy destruction, in heat ex
changers can also occur due to fouling. Fouling is the build-up of foreign 
material on the heat exchanger surfaces that increases heat transfer 
resistance [63], which decreases heat exchanger duty and also overall 
COP. Fouling may be reduced on the refrigerant side of the heat 
exchanger by employing oil-free compression. 

2.5. Refrigerant 

The refrigerant choice in a HP impacts its performance, the me
chanical design of equipment and its cost. Refrigerant properties that 
directly affect the COP include the viscosity, thermal conductivity, 
specific heat capacities (and their ratio), heats of vaporisation, density, 
critical temperatures, pressures, and volumetric heating capacity. The 
absolute pressure of the refrigerant within the system should be above 
atmospheric at every stage such that air and water vapour are not able to 
enter the system through a leak, and the compressor lubricant should be 
miscible with the refrigerant. Refrigerant performance is typically 
related to the proximity of the cycle to the critical temperature and 
pressure of the refrigerant. For a subcritical cycle, the condensing 

temperature should be well below the refrigerant’s critical temperature 
to maximise COP. Transcritical cycles, by contrast, involve pressures 
well above the critical temperature to achieve low gas cooler outlet 
temperatures to maximise COP. Higher sink temperatures require higher 
pressures and therefore practical factors such as the maximum pressure 
ratio can limit the temperatures attainable. 

In addition to thermodynamic performance, refrigerant safety and 
environmental impact are critical factors in refrigerant selection [64]. 
Refrigerants should preferably be non-toxic and non-flammable. Both 
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) 
have significant ozone depletion potential (ODP), which has led to the 
phase-out of chlorine-containing refrigerants in accordance with the 
Montreal Protocol. Hydrofluorocarbons (HFCs) with zero ODP initially 
replaced CFC and HCFC refrigerants; however, this comes at the cost of 
high global warming potential (GWP) [19]. Many countries have aligned 
with the Kigali Amendment of the Montreal Protocol [65], and the Kyoto 
Protocol [66] to undergo the eventual phase-out of HFCs. 

Significant research into, and development of hydrofluoroolefins 
(HFOs), hydrochlorofluoroolefins (HCFOs) and natural refrigerants are 
ongoing as options to replace HFCs. Table 2 shows a list of these com
mon refrigerants (including those of interest with HTHPs), summarising 
their thermodynamic properties, GWP, ODP and safety index. In the 
refrigerant safety index, higher numbers correspond to increased flam
mability (1 = non-flammable, 3 = highly flammable), while the letter ‘L’ 
after the number represents a subclass of lower flammability. The letter 
‘A’ refers to low toxicity and ‘B’ refers to high toxicity. As a result, class 
A1 represents the safest refrigerant. Table 2 shows how much higher the 
GWP for HFC refrigerants are compared to the HFOs, HCFOs and natural 
refrigerants. Carbon dioxide, isopentane and R1336mzz(Z) have very 
low environmental impacts while also having A1 safety ratings. 

Refrigerant blends generate more options for refrigerant selection. 
Where two refrigerants have different boiling points, temperature glide 
will occur in the saturation region. The shape and degree of the tem
perature glide depend on the relative fluid properties and blend 
composition. Zühlsdorf et al. [43] demonstrated this concept using a 
blend of dimethyl-ether and CO2 to obtain a temperature glide that 
closely paralleled the process heat source and sink requirements, which 
minimised exergy destruction and maximised COP. 

Table 2 
Properties of potential high-temperature refrigerant fluids (included in 
REFPROP [67]).  

Refrigerant Type Pcrit 

(kPa) 
Tcrit 

(◦C) 
GWP ODP Safety 

group 

R1224yd(Z) HCFO 3337 155.5 1 minimal A1 
R1233zd(E) HCFO 3624 166.5 1 minimal A1 
R1234-yf HFO 3382 94.7 <1 0 A1 
R1234ze(E) HFO 3635 109.4 6 0 A2L 
R1234ze(Z) HFO 3531 150.1 <1 0 A2L 
R1243zf HFO 3518 103.8 <1 0 A2 
R1336mzz 

(Z) 
HFO 2903 171.4 2 0 A1 

Ammonia Natural 11,363 132.4 0 0 B2L 
CO2 Natural 7377.3 31.0 1 0 A1 
Water Natural 22,064 374.0 0 0 A1 
Propane Natural 4251.2 96.7 3 0 A3 
Isobutane Natural 3629 134.7 4 0 A3 
Butane Natural 3796 152.0 4 0 A3 
Isopentane Natural 3378 187.2 5 0 A3 
Pentane Natural 3368 196.6 5 0 A3 
R245fa HFC 3651 153.9 1030 0 B1 
R365mfc HFC 3266 186.9 794 0 A2 
R410a HFC 5782 78.1 675 0 A1 
R134a HFC 4059.2 101.1 1430 0 A1 
R227ea HFC 2925 101.8 3220 0 A1  
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3. Advancements in high-temperature heat pumps 

A significant number of studies of HP cycles (experimental and/or 
simulation-based) that incorporate one or more of the advancements 
described in Section 3 have been performed. The review identified 49 
different cycle configurations found in the literature, along with 
refrigerant and performance data. Each cycle is presented in the 
following subsections using a standard set of symbols, which are pre
sented in Fig. 8. 

The 49 cycles are overviewed in this section and classified into 
structural features that are common cycle improvement strategies. 
Tables 3–9 present the various cycles with a summary of published 
performance data. The cycles are assigned a code characterised first by 
transcritical (T) or subcritical (S) operation, followed by the distinctive 
structural components within the cycle (where applicable). For example, 
the cycle SE-3 is the third subcritical heat pump cycle identified with an 
economiser. Where possible, transcritical cycles are numbered corre
sponding to the structurally equivalent subcritical cycle, i.e., TE-3 is the 
same cycle as SE-3 except with a gas cooler instead of a condenser. Some 
subcritical cycles have no transcritical cycle equivalent, which results in 
numbers being skipped. 

3.1. Standard cycle and external subcoolers 

A standard HP cycle (Fig. 3a) with a sub-cooler can achieve a high 
COP for low-temperature lifts. Subcoolers using a separate external heat 
sink reduce the throttling flash gas and reduce the total refrigerant flow 
rate for the same heat flow (Table 3 - Cycles S1-1c, S1-2 b). The use of a 
subcooler maximises COP but depends on the heat demand profile of the 
process sink. 

For standard cycles, the maximum temperature lift is restricted by 
the pressure ratio limit of a single compression stage. In addition, as 
temperature lift increases, throttling losses also increase with the extent 
depending on the refrigerant properties. The maximum temperature lift 
in a standard cycle with a single compression stage is typically 80 ◦C 
with most reported temperature lifts being closer to 30 ◦C. The more 
advanced cycles (Sections 3.2 to 3.8) have reported mean temperature 
lifts of up to 110 ◦C. 

For a range of refrigerants with heat sink temperatures below 100 ◦C, 
COPs from 1.8 to 6.6 have been reported. In the heat sink temperature 

range above 100 ◦C, COPs between 1.7 and 2.8 have been achieved 
(Table 3 - Cycles S1-1a,c,d). Multiple standard cycles in parallel (i.e., not 
a cascade cycle) can improve the COP substantially when the heat sink 
involves a large temperature glide; e.g., Kondou and Koyama [68] ob
tained an overall COP of 4.22 for a source temperature of 80 ◦C with 
multiple heating stages up to 160 ◦C. 

Many standard HP cycles employ a liquid and vapour separator 
(Table 3 - Cycle S1-1 b). The separator helps to improve cycle perfor
mance by allowing a fully wetted heat transfer surface in the evaporator 
and minimising the superheat at the compressor while ensuring liquid 
refrigerant does not enter the compressor. Of the cycles with separators, 
the heat sink temperatures were all in the high-temperature range 
(>100 ◦C) and achieved COPs ranging between 1.9 and 5.5 depending 
on the source temperature. Standard transcritical CO2 cycles have ach
ieved COPs between 1.6 and 3.6 (Table 3 - Cycle T1-1). 

3.2. Internal heat exchanger 

The most common placement for internal heat exchangers (IHX) is 
between the outlet of the condenser/gas cooler and the outlet of the 
evaporator [112] (Table 3 - Cycles S1-2a,b and Table 4 - T1-2). When the 
refrigerant exiting the condenser/gas cooler transfers some heat to the 
refrigerant exiting the evaporator, the refrigerant temperature at the 
compressor suction is increased, and hence a higher compressor 
discharge temperature may be achieved so that the heat sink may reach 
a higher temperature at the expense of increased compression work (Eq. 
(4)). There is a range of ways the operation of the IHX can be manipu
lated to modify the performance of the cycle. Commonly manipulated 
parameters include the quantity of heat transferred, mean temperature 
difference in the heat exchanger, heat exchanger placement in the cycle, 
heat exchanger area, and heat exchanger effectiveness. 

The analysis in this section is limited to the effect of IHX for cycles 
that are either in transcritical operation or are operating with a heat sink 
above 100 ◦C. For single-stage subcritical cycles above 100 ◦C (Table 3 - 
Cycle S1-2a,b), COPs ranged between 1 and 5.45. For the transcritical 
single-stage cycles (Table 3 - Cycle T1-2), the COPs ranged between 1.2 
and 8 for temperatures below 100 ◦C, and between 1.2 and 2.8 above 
100 ◦C. 

IHX design and performance has been shown to influence the per
formance of the cycle. Using an experimental CO2 transcritical cycle 

Fig. 8. Key to cycle configuration component symbols used in Tables 3–9.  
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Table 3 
Standard cycle with and without external subcooler.  

Code Cycle schematic and description Tsink (out)/Tcond 

(◦C) 
Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) 
or Simulation (S) 

Ref. Year 

S1-1a 

Subcritical, single stage 
(Standard subcritical vapour 
compression cycle) 

40/- − 10 – 12/- – R290 2.6–5 E [69] 2004 
30/- 11.5/- 20.0 R134a 4.5 E [70] 2011 
45/- 35/- – R142b 4.43 E [71] 2010 
75/- 45/- 18.9 R1234ze 

(E) 
6.2 E [72] 2014 

75/- 45/- 18.9 R1234ze 
(Z) 

5.4 E [72] 2014 

75/- 45/- 18.9 R1234ze 
(E) 

6.2 S [72] 2014 

75/- 45/- 18.9 R1234ze 
(Z) 

6.6 S [72] 2014 

65/- 4.6/- 30.3 CO2 3.1 E [73] 2016 
124–130/- 80/- – BY-5 2.75–2.55 E [74] 2017 
124–130/- 80/- – BY-5 2.775–2.6 S [74] 2017 
60/- 0/- – R152a 2.5 S [75] 2019 
70/- 0/- – R152a 2.1 S [75] 2019 
80/- 0/- – R152a 1.8 S [75] 2019 
140/- 60–100/- – R1234ze 

(Z) 
1.7–3.2 S [76] 2020 

S1-1b 

Subcritical, single stage with 
separator 

118–122/- 86–94/- – Water 4.8–5.5 E [77] 2014 
-/120 - 128 -/87 – Water 5–4.2 S [78] 2019 
-/121.5–126.3 -/87 – Water 4.6–4.1 E [78] 2019 
-/110–150 -/75 – R718 4–1.9 E [79] 2020 
-/110–150 -/80 – R718 4.8–1.9 E [79] 2020 
-/110–150 -/85 – R718 6.1–2 E [79] 2020 

S1-1c 

Subcritical, single stage with 
subcooler 

97.3/- 73.9/- 26.8 R245fa 2.4 E [80] 2016 

S1-1d 

Subcritical, single stage with 
desuperheater 

48/- - 12–2/- – R717 3.8–4.8 E [81] 2008 

T1-1 

Transcritical, single stage 
(Standard transcritical vapour 
compression cycle) 

45–70/- 11/- 5 23.0–31.1 CO2 3.15–2.5 S [82] 2013 
-/25–30 -/0 – CO2 3.45–1.6 S [83] 2019 
-/25–30 -/0 – CO2 3.55–1.65 S [83] 2019 
57.8/- 10/- 18.8 CO2 2.8 E [84] 2010 
27/- 35/- – CO2 1.72 E [85] 2017 
-/30–50 -/10 – CO2 3.25–1.75 E [86] 2017 
113/- -/30 – R134a 3.85 S [87] 2018 
150/- 82/- – R1234ze 

(Z) 
3.32–3.72 E [88] 2019 

100–200/- -/20–60 – CO2 3.52–1.52 S [89] 2007 
200/- 30–80/- – R601 2.9–3.3 S [90] 2020 
200/- 30–80/- – R514A 2.9–3.3 S [90] 2020 
200/- 30–80/- – R1234ze 

(Z) 
2.9–3.3 S [90] 2020 

200/- 30–80/- – R1233zd 
(E) 

2.9–3.2 S [90] 2020 

200/- 30–80/- – R1224yd 
(Z) 

2.9–3.1 S [90] 2020 

200/- 30–80/- – R245fa 2.9–3.1 S [90] 2020 
200/- 30–80/- – R600 2.9–3.0 S [90] 2020 

S1-2a 

Subcritical, single stage with IHX 

160/- 80/- 4.4 R1234ze 
(Z) 

4.24 E [91] 2017 

160/- 80/- 4.4 R1233zd 
(E) 

4.18 E [91] 2017 

160/- 80/- 4.4 R365mfc 3.68 E [91] 2017 
-/105–125 -/25 – R1233zd 

(E) 
3.2–2.3 E [52] 2019 

-/105–125 -/25 – R600 3.1–2.2 E [52] 2019 
140/- 60–100/- – 1.7–3.2 S [76] 2020 

(continued on next page) 
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(Table 3 - Cycle T1-2), Cao et al. [102] observed that an IHX would 
reduce the discharge pressure while improving COP by around 12%. The 
optimal discharge pressure was also reduced when introducing an IHX. 
Similarly, Feng et al. [104] and Zhang et al. [105] also carried out an 
experimental analysis of transcritical cycles with IHX and emphasised 
the need for optimising the discharge pressure. Liu et al. [106,110] 
investigated a transcritical cycle with two IHXs (Table 3 - Cycle T1-3). 

The first IHX was positioned in between two gas coolers while the sec
ond was after the second gas cooler. For their theoretical simulations, 
the heat pump output was cogeneration of hot water at two tempera
tures, 71 ◦C and 100 ◦C, with a combined heating COP of 7.9. The cycle 
is noteworthy because it is a unique transcritical cycle configuration 
with no subcritical equivalent and represents a direction of possible 
future research for HTTHPs (Section 5.1). 

Table 3 (continued ) 

Code Cycle schematic and description Tsink (out)/Tcond 

(◦C) 
Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) 
or Simulation (S) 

Ref. Year 

R1234ze 
(Z) 

130/- 30–90/- – R245fa 1–5.45 S [92] 2021 
S1-2b 

Subcritical, single stage with IHX and 
external sub-cooler 

-/120 -/60 – ECO3 1–2 E [93] 2012 

T1-2 

Transcritical, single stage with IHX 

-/35 -/− 17 – CO2 2.35 S [94] 2005 
60/- 10/- – CO2 3 E [95] 2005 
-/120 -/5 – CO2 1.2 E [96] 2008 
45–70/- − 11/− 5 23.0–31.1 CO2 2.85–2.28 E [82] 2013 
55–80/- 35/- – CO2 4.5–3.5 E [97] 2013 
55/- 12/0 25.1 CO2 2.9 E [98] 2017 
75/- − 20 – 20/- – CO2 2.45–4.4 S [99] 2018 
10–20/- 10/- – CO2 2.6–2.1 E [100] 2018 
-/33 20/- – CO2 3.9 E [101] 2019 
-/25–30 -/0 – CO2 3.5–1.7 S [83] 2019 
70/127.5 7/- – CO2 2.75 S [102] 2019 
-/40 -/10 – CO2 2.9 S [103] 2000 
37/34 15/- – CO2 3.6 E [104] 2020 
-/33–45 -/20 – CO2 4.75–2.25 E [105] 2010 
-/33–45 -/20 – CO2 8–3.5 S [105] 2010 
-/25–30 -/0 – CO2 3.4–4.7 S [83] 2019 
100/160 -/0 – CO2 2.31 S [106] 2017 
90/- − 6.4/- – CO2 2.5 S [107] 2002 
150/- 82/- – R1234ze 

(Z) 
3.51 E [88] 2019 

200/- 30–80/- – R601 2.7–3.3 S [90] 2020 
200/- 30–80/- – R514A 2.9–3.5 S [90] 2020 
200/- 30–80/- – R1234ze 

(Z) 
2.9–3.4 S [90] 2020 

200/- 30–80/- – R1233zd 
(E) 

2.9–3.4 S [90] 2020 

200/- 30–80/- – R1224yd 
(Z) 

2.9–3.4 S [90] 2020 

200/- 30–80/- – R245fa 2.9–3.4 S [90] 2020 
200/- 30–80/- – R600 2.9–3.3 S [90] 2020 
180/- 80/- – R600 3.5 E [108] 2018 
110/- 60/- – R600 4.5 E [109] 2020 
110/- 40/- – R600 3.3 E [109] 2020 
160/- 60/- – R600 3.1 E [109] 2020 

T1-3 

Transcritical, single stage with mid- 
gas cooler IHX and normal IHX 

70 & 100/- -/0 – CO2 1.2 (100 ◦Cwater) +
6.7(70 ◦C water)3.5 

S [110] 2017 

135/- 5/- – CO2  E [111] 2019  
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Table 4 
Internal heat exchanger and internal economiser cycles.  

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

SE - 1 

Subcritical, two compression stages with closed 
economiser 

60/- 0/- – R152a 2.9 S [75] 2019 
70/- 0/- – R152a 2.5 S [75] 2019 
80/- 0/- – R152a 2.1 S [75] 2019 

SE - 2 

Subcritical, two compression stages with closed 
economiser and IHX 

130/- 30–90/- – R245fa 5–2.1 S [92] 2021 

TE-2 

Transcritical, two compression stages with closed 
economiser, IHX and external intercooling 

-/33 -/2.7 – CO2 3.25 S [113] 2005 
30/- -/− 10 – CO2 2.55 S [114] 2009 

SE - 3 

Subcritical, two compression stages with open economiser 

127/- 65/- – R245fa 3.23 S [112] 2020 

TE-3 

Transcritical, two compression stages with open 
economiser 

60/- 5/- – CO2 1.3 S [115] 2010 
30/- 5/- – CO2 5 S [115] 2010 
150/- 82/- – R1234ze 

(Z) 
3.61 E [88] 2019 

SE - 4 

Subcritical, two compression stages with open economiser 
and IHX 

130/- 30–90/- – R245fa 2.5–5 S [92] 2021 
127/- 65/- – R245fa 3.651 S [112] 2020 

(continued on next page) 
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IHXs are also commonly included in multi-stage (Section 3.3), 
cascade (Section 3.4), and multi-temperature cycles (Section 3.5). While 
many studies have shown positive outcomes with the implementation of 
an IHX, it should also be noted that this is not always the case, partic
ularly from an economic perspective. For HTHPs, this review did not 
find any study that systematically examines all the variables associated 
with IHXs that can be manipulated and optimised for COP enhancement; 
however, this would be a useful direction for future research. 

3.3. Internal economiser, intercooling, parallel compression and multi- 
stage compression 

Internal economisers (effectively subcooling via multi-stage expan
sion) and intercooling are distinct features that can increase COP of a 
cycle but require additional components, resulting in a trade-off with 
capital investment. These elements usually require the use of multiple 
compressors. Parallel compression (or specialised compressors with in
termediate pressure economiser ports) enable multi-stage expansion and 
ensure that the compression of the intermediate flash gas occurs more 
efficiently at a lower pressure ratio. Multi-stage compression in series 
has the added advantage of helping maintain compression ratios within 
optimal ranges and/or enabling multi-temperature heat rejection or 
multi-stage expansion. 

Cycles SE-1,2 (Table 4) both use multi-stage compression and a 
closed economiser (i.e., heat exchanger) arrangement to supply an in
termediate pressure vapour flow for recompression, with the addition of 
an IHX distinguishing Cycle SE-2 from Cycle SE-1. Cycles SE-3,4,5 
(Table 4) apply open (or flash) economisers to produce an intermedi
ate pressure vapour flow. Cycles SE-4,5 also include an IHX with the 
difference between them being the location of the IHX relative to the 
flash economiser. COP values varied from 2.1 to 5 for these five cycles. 
Cycle TE-3 (Table 4) is the transcritical equivalent of Cycle SE-3 (flash 

economiser, no IHX) while Cycles TE-2,4 (Table 4) are similar to the 
subcritical Cycles SE-2,4. Studies on these last three transcritical cycles 
all used CO2 as the refrigerant and achieved COPs of 1.3–5. 

Intercooling is another approach to improve compression efficiency. 
Cycle SI-1 (Table 5) shows a full subcritical two-stage expansion and 
compression cycle where an open economiser is used to fully intercool 
the suction gas (i.e., zero superheat) to the second compression stage. 
The advantage of full intercooling is to lower the average gas 
compression temperature. Cycle SI-2 (Table 5) demonstrates direct 
intercooling within a cycle using an open economiser that is also indi
rectly heated using a heat exchanger, which enables both better 
compression efficiency and reduced throttling loss due to subcooling of 
the high-pressure liquid refrigerant. Cycle SI-3 (Table 5), in contrast, 
uses an external sink to perform the intercooling (i.e., no reduction in 
throttling loss). Only Cycle SI-1 (Table 5) has been applied to heating 
above 100 ◦C with COPs ranging from 1.65 to 3.8 depending on the 
temperature lift. In addition to the subcritical cycles, this review iden
tified one transcritical cycle, Cycle TI-3 (Table 3), which follows a 
similar structure to Cycle SI-3 (except for an IHX). COPs for this cycle 
were 2.4–2.8. 

Parallel compression (Table 5 - Cycle SP-1) enables two-stage 
expansion with two compressors. The main compressor has gas suc
tion from the evaporator and discharges at the intermediate pressure. A 
second compressor has gas suction from an intermediate pressure (after 
the first expansion valve) and discharges at the high pressure. The 
compressor efficiency is high due to the low-pressure ratio. As a result, 
the two compressors operate in parallel. Cycles TP1-1 and TP1-2 
(Table 5) implement parallel compression in a single “economised” 
compressor. This reduces compressor cost and has the advantage that in 
the first expansion stage flash gas is only compressed from the inter
mediate pressure. However, the compressor efficiency for flash gas 
compression tends to be lower than full parallel compression due to the 

Table 4 (continued ) 

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

TE-4 

Transcritical, two compression stages with closed and flash 
economisers, IHX and external intercooling 

30/- -/− 10 – CO2 2.55 S [114] 2009 

SE - 5 

Subcritical, two compression stages with IHX and open 
economiser   

127/- 65/- – R245fa 3.59 S [112] 2020  
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Table 5 
Intercooling, parallel compression and multi-stage compression cycles.  

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

SI-1 

Subcritical, two compression stages with open 
economiser/intercooler 

140/- 40–100/- – R1234ze 
(Z) 

1.8–3.8 S [76] 2020 

150 40 – R1234ze 
(Z) 

1.65 S [76] 2020 

SI-2 

Subcritical, two compression stages with open intercooler, 
closed economiser and external subcooler 

-/77 -/0 – R717 3.4 S [106] 2017 

SI-3 

Subcritical, two compression stages with external 
intercooler 

75/- − 20 – 20/- – NH3 3–5.75 S [99] 2018 

TI-3 

Transcritical, two compression stages with IHX and 
external intercooling 

-/33 -/2.7 – CO2 2.82 S [113] 2005 
30/- -/− 10 – CO2 2.37 S [114] 2009 

SP-1 

Subcritical, single stage with closed economiser, parallel 
compression and IHX 

130/- 30–90/- – R245fa 6.9–1.5 S [92] 2021 

TP-1 

Transcritical, single stage with closed economiser and 
parallel compression 

60/- 5/- – CO2 1.3 S [115] 2010 
30/- 5/- – CO2 5.05 S [115] 2010 

TP-2 60/- 5/- – CO2 1.3 S [115] 2010 

(continued on next page) 
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high overall pressure ratio for the economised compressor. The high- 
temperature subcritical cycle, Cycle SP-1 (Table 5), uses an expansion 
valve with a closed economiser to generate the intermediate-pressure 
vapour, obtaining COPs of 1.5–6.9 for temperature lifts of 100 ◦C and 
40 ◦C, respectively. The transcritical CO2 parallel compression cycles 
(Table 5 - Cycles TP-1,2) both achieved COPs of 1.3 for a 60 ◦C gas cooler 
outlet temperature and 5.05 for a 30 ◦C gas cooler outlet temperature. 

3.4. Cascade 

Cascade cycles use a heat exchanger to combine two or more closed 
HP cycles (usually single-stage) forming a cycle with a low-temperature 
side (bottom cycle – below the cascade heat exchanger) and a high- 
temperature side (top cycle – above the cascade heat exchanger). The 
cascade heat exchanger acts as the evaporator and condenser for the top 
and bottom cycles respectively [94]. A cascade is thermodynamically 
similar to a two-stage expansion and compression cycle except for the 
penalty of the cascade heat exchanger temperature difference. Of the 
subcritical cascade cycles operating at temperatures below 100 ◦C, COPs 
between 2 and 4.4 have been reported (Table 6 - Cycles SS-1a,b). For a 
cascade with subcritical cycles with IHXs at temperatures above 100 ◦C 
(Table 6 - Cycles SS-2), the COPs ranged from 2.5 to 4.9. 

Cascade cycles can pair cycles with different refrigerants for the top 
and bottom cycles. Cycles SS-1a and b (Table 6) were studied by Peng 
et al. [75] who found the COPs ranged from 2 to 4.4 for temperature lifts 
of 80 ◦C–60 ◦C. Cycles TS-1 and TS-2 (Table 6) cascade a subcritical 
cycle (bottom) up to a transcritical cycle (top). Yang et al. [116] re
ported that the cycle could improve temperature matching compared to 
a single-stage and result in better performance. Cycles TS-1 and TS-2 
(Table 6) achieved COPs between 1.95 and 5.24. In Cycle TT-3 
(Table 6), both top and bottom cycles are transcritical with the 
cascade exchanger positioned after the main gas cooler of the bottom 
cycle, supplying heat to the evaporator of the top cycle. For a specific 
case, the COP was simulated to be 2.4. 

3.5. Multi-temperature 

Multi-temperature HP cycles include multiple condensers (or gas 
coolers) to supply heat to the process sink(s) and/or multiple evapora
tors to absorb heat from the process source(s). As a result, it is common 
to customise a multi-temperature cycle to fit a specific application. The 
use of cascades, internal economisers, intercooling, parallel and multi- 
stage compression, and IHX can all feature within a cycle to maximise 
COP. However, there is a natural efficiency-capital trade-off as the 
number of units within a cycle increases for a diminishing return in COP. 

Cycles SM-1 to 5 (Table 7) present various subcritical HTHPs sup
plying heat sinks above 100 ◦C. COPs range from 1.2 up to 6.7. For 
example, Kondou and Koyama [68] analysed advanced, 
multi-temperature HTHP cycles with three compression stages and 
various low GWP refrigerants (Table 7 - Cycles SM-4a,b). An additional 
IHX and condenser stage increased the COP from 4.53 to 4.77 for source 
and sink temperatures of 80 ◦C and 160 ◦C. For similar source and sink 
temperatures, Fukuda et al. [91] experimentally investigated a cycle 
with only two compressors, two condensers, one IHX and a subcooler. 
They tested R1234ze(Z), R1233zd(E) and R365mfc and identified 
R1234ze(Z) as the refrigerant with the highest COP at 4.58. Cycle TM-6, 
a partial cascade of two single-stage transcritical cycles, is different to 
the subcritical multi-temperature cycles and the only transcritical-based 
cycle (COP of 2.27) identified by the study to include multiple gas 
coolers that supply heat to the process sink. 

3.6. Expander 

Transcritical cycles are often able to use conventional expanders 
instead of expansion valves to recover work if the expansion does not 
cause the formation of a two-phase fluid (e.g., Table 8 - Cycles TX-1,2). 
Cycle TX-1 achieved a COP of 2.6 at a high side pressure of 8.6 MPa 
(45 ◦C temperature lift) which was a 37.5% increase in COP and 3.9% 
decrease in pressure compared to a standard cycle. For Cycle TX-2 
(Table 8), a COP of 3.3 was achieved at a gas cooler outlet tempera
ture of 35 ◦C and an evaporation temperature of 0 ◦C [83]. 

Table 5 (continued ) 

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

Transcritical, single stage with flash economiser and two 
stage compression 

30/- 5/- – CO2 5.05 S [115] 2010 

TP-3 

Transcritical, single stage with flash economiser with 
superheating, parallel compression and a IHX 

200/- 30–80/- – R601 2.6–3.2 S [90] 2020 
200/- 30–80/- – R514A 2.7–3.5 S [90] 2020 
200/- 30–80/- – R1234ze 

(Z) 
2.8–3.4 S [90] 2020 

200/- 30–80/- – R1233zd 
(E) 

2.7–3.2 S [90] 2020 

200/- 30–80/- – R1224yd 
(Z) 

2.7–3.2 S [90] 2020 

200/- 30–80/- – R245fa 2.7–3.3 S [90] 2020 
200/- 30–80/- – R600 2.7–3.3 S [90] 2020  
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Table 6 
Cascade cycles.  

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource 

(in)/Tevap 

(◦C) 

ΔTLM Refrigerant COP Experimental (E) 
or Simulation (S) 

Ref. Year 

SS- 
1a 

Cascade with sub-critical, single stage (top) and sub-critical, 
single stage (bottom) 

60/- 0/- – R152a 2.7 S [75] 2019 
70/- 0/- – R152a 2.3 S [75] 2019 
80/- 0/- – R152a 2 S [75] 2019 

SS- 
1b 

Cascade with sub-critical, single stage (top – left cycle) and sub- 
critical, single stage (bottom – left cycle) with subcooler (suction 
superheater for top cycle) 

60/- 0/- – R717 & 
R152a 

4.4 S [75] 2019 

70/- 0/- – R717 & 
R152a 

3.7 S [75] 2019 

80/- 0/- – R717 & 
R152a 

3.5 S [75] 2019 

TS-1 

Cascade with transcritical, single stage (top – left cycle) and 
subcritical, single stage (bottom – right cycle) with subcooler 
(suction superheater for top cycle) 

100/- 50/- 24.7 R1234ze(Z) 
& CO2 

4.43 S [117] 2018 

92/35 50/0 – R152a & 
CO2 

5.24 S [116] 2017 

SS-2 

Cascade with subcritical, single stage with IHX (top) and 
subcritical, single stage with IHX (bottom) 

130/- 30–90/-  R245fa 4.9–2.5 S [92] 2021 

TS-2 

Cascade with transcritical, single stage with IHX (top) and 
subcritical, single stage with IHX (bottom) 

-/35–45 -/− 17 – CO2 2.7–1.95 S [94] 2005 

(continued on next page) 
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3.7. Ejector 

A range of transcritical and subcritical cycles with ejectors have been 
identified. Cycles S1e-1a,b (Table 8) are subcritical ejector cycles 
operating below 100 ◦C that achieved COPs of 4–5.7. Cycles S1e-2,3 
(Table 8) are subcritical ejector cycles operating above 100 ◦C and 
achieved COPs of 2.4–5.45. Cycles T1e-1,2 (Table 8) are transcritical 
CO2 ejector cycles operating below 100 ◦C with COPs between 1 and 6. 
Zhu et al. [118], Elbel and Hrnjak [119] and Sun and Ma [120] each 
analysed a transcritical ejector CO2 cycle and reported that the addition 
of an ejector resulted in increases in COP of 10.3%, 7% and 30% in
creases respectively. To date, no study was found that used ejectors in 
HTTHP cycles, even though the higher overall compression ratio of a 
high-temperature cycle would naturally result in improved ejector 
performance. 

As ejector performance is strongly dependant on flow rates and 
pressures, comparatively small deviations in flow or pressure from 
design values, such as might occur with varying heat load, can greatly 
decrease the ejector performance [121]. Variable heat load could be 
partially addressed using multiple ejectors in parallel, with the number 
of ejectors in use being proportional to the refrigerant flowrate (heat 
load). This would allow for the flows through each ejector to remain 
close to optimal, and for the effect on ejector performance due to vari
ations in the operating conditions to decrease. However, there does not 
appear to be a simple a solution for the challenge of variable discharge 
pressure. 

3.8. Sorption and hybrid systems 

While the majority of sorption cycles have been employed for 
refrigeration [57], there are some that have been employed for space 
heating, domestic hot water and even steam generation [127]. A cycle 
proposed recently was able to produce superheated steam at 180 ◦C from 
80 ◦C feedwater [128]. In some cases hybrid cycles comprising both 
sorption and vapour compression processes have been designed [129]. A 
standard hybrid vapour compression/absorption cycle consists of an 
absorber, desorber, compressor, solution pump, expansion valve and 
liquid-vapour separator (Table 9 - Cycle H1-1). 

The most common refrigerant combination for absorption- 
compression hybrid cycles is ammonia and water. Mixing ammonia 
and water allows for higher heat sink temperatures to occur due to the 
very high heat of absorption/dissolution for ammonia and water. The 
solution pump increases the pressure of the water solution, and the 
compressor increases the pressure of the ammonia vapour. These two 
streams are then mixed in the absorber where heat is released to the heat 
sink. Exiting the absorber is the ammonia-rich water solution which is 
expanded before the desorption process. Ammonia is evaporated in the 
desorber using heat transfer from the heat source [129]. If the process 

has more extreme operating conditions and requires more than one 
equilibrium stage to extract the ammonia from the water, a distillation 
process could replace the desorber. Though the ammonia concentration 
decreases throughout the desorption process, the mixture is in the 
two-phase region for the entirety of the desorption process [130]. 
Complete evaporation does not occur in the desorber, so a phase sepa
rator is required to separate the ammonia vapour from the solution 
exiting the desorber [130]. Heat transfer occurs over a range of tem
peratures in both the absorber and desorber, making it convenient to 
match with high-temperature-glide sinks and sources. The ratio of 
ammonia to water can also be adapted to align the temperature glide 
with the heat sink and source temperatures [129]. 

Passing the mixture through an IHX allows for the temperature of the 
mixture to decrease before entering the desorber, and to increase before 
entering the absorber, thereby increasing the overall performance of the 
cycle [130]. 

An ammonia-water, subcritical hybrid cycle (Table 9 - Cycle H1-1) 
operating below 100 ◦C was presented by Walmsley et al. [131] for a 
drying application that achieved a COP of 4.5. After the respective 
compression processes, the water was subcritical, but the ammonia was 
supercritical when passing through the condenser, hence this cycle is 
transcritical for ammonia, so the absorber operates in the transcritical 
region. A COP of around 3.5 is achieved for a top condenser saturation 
temperature of 55 ◦C and a 25 ◦C evaporation temperature. Other 
subcritical ammonia water hybrid cycles presented in Table 9 are Cycles 
H1-2 and H1-3 that operate above 100 ◦C and have COPs ranging from 3 
to 4. Ammonia water hybrid cycles show promise for reaching heat sink 
temperatures above 150 ◦C. 

4. High-temperature transcritical heat pumps 

The independence of temperature and pressure in a transcritical 
cycle gas cooler make it an opportune structure for achieving very high 
heat sink temperatures for many heating processes; however, HTTHPs 
are not commonly mentioned in the literature. As seen in Tables 3–8, 
transcritical HPs are more commonly used in the lower temperature 
ranges with CO2 as the refrigerant. However, there are few studies that 
have investigated transcritical cycles with heat sinks above 100 ◦C. 

A study by Wang et al. [87] analysed the performance of a HTTHP 
(113 ◦C) in a drying application. Using a standard transcritical cycle 
with refrigerant R134a and a subcooler, the drying air was able to reach 
113 ◦C (83 ◦C temperature lift), at a refrigerant discharge temperature of 
125 ◦C, achieving a COP of 3.85 (Table 3 - Cycle T1-1). Another study of 
a drying application analysed a standard transcritical cycle (Table 3 - 
Cycle T1-1) using R1234ze as the refrigerant [88]. From a preheated 
inlet temperature of 90 ◦C, the heat sink outlet temperature was able to 
reach 150 ◦C with a heat source temperature of 82 ◦C. The COPs ach
ieved were 3.32–3.72 for air humidity ranging from 160 gH2O/kgDA to 

Table 6 (continued ) 

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource 

(in)/Tevap 

(◦C) 

ΔTLM Refrigerant COP Experimental (E) 
or Simulation (S) 

Ref. Year 

TT-3 

Cascade with transcritical, single stage (top) and transcritical, 
single stage with gas cooler and cascade in series (bottom)   

30/- -/− 10 – CO2 2.39 S [114] 2009  
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Table 7 
Multi-temperature cycles.  

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

SM-1 

Subcritical, two condenser stages with IHX 

130/- 30–90/- – R245fa 6.7–1.2 S [92] 2021 

SM-2 

Subcritical, two stage expansion and compression with closed 
economiser, external superheater and IHX 

130/- 30–90/- – R245fa 6–1.6 S [92] 2021 

SM-3 

Subcritical, two condenser stages with an IHX and an external 
subcooler 

160/- 80/- 4.4 R1234ze 
(Z) 

4.58 E [91] 2017 

160/- 80/- 4.4 R1233zd 
(E) 

4.55 E [91] 2017 

160/- 80/- 4.4 R365mfc 4.44 E [91] 2017 

SM- 
4a 

Subcritical, two condenser stages with an IHX and two 
external subcoolers 

160/- 80/- 3.75 R1234ze 
(Z) 

4.53 S [68] 2015 

SM- 
4b 

Subcritical, three condenser stages with two IHXs and two 
external subcoolers 

160/- 80/- 3.8 R1234ze 
(Z) 

4.77 S [68] 2015 

SM-5 

Cascade with subcritical, two evaporator stages (top) and 
subcritical with parallel condenser stages (bottom) 

60/- 0/- – R152a 4.5 S [75] 2019 
70/- 0/- – R152a 4 S [75] 2019 
80/- 0/- – R152a 3.6 S [75] 2019 

TM-6 -/45 -/− 17 – CO2 2.27 S [94] 2005 

(continued on next page) 
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200 gH2O/kgDA. 
The performance of transcritical cycles (Table 3 - Cycle T1-1) was 

analysed by Sarkar et al. [89] for heat sink temperatures of up to 200 ◦C. 
For a CO2 cycle, COPs of 3.25, 2.32 and 1.67 were achieved when the 
heat sink temperature was increased from 30 ◦C (in all cases) to 100 ◦C, 
150 ◦C and 200 ◦C respectively (20 ◦C heat source temperature). It was 
concluded that the CO2 cycle is not appropriate for high temperatures 
due to the extremely high discharge pressures (as high as 20 MPa). For 
propane and isobutane transcritical cycles, COPs of 2.59 and 2.65 
respectively were achieved when heating to 200 ◦C. 

Wu et al. [117] analysed a transcritical-subcritical cascade system 
(Table 6 - Cycle TS-1) achieving a heat sink outlet temperature of 100 ◦C. 
The subcritical side refrigerant was R1234ze(Z) while the transcritical 
side used CO2. At a heat source temperature of 50 ◦C and a heat sink inlet 
temperature of 20 ◦C, a COP of 4.4 was achieved. 

Three different cycles to reach heat sink temperatures of 200 ◦C with 
a range of refrigerants have been analysed by Arpagaus et al. [90]. These 
cycles included a standard transcritical cycle (Table 3 - Cycle T1-1), a 
transcritical cycle with an IHX (Table 3 - Cycle T1-2) and a parallel 
compression cycle (Table 5 - Cycle TP-3). For their first case study, heat 
sink temperature increased from 100 ◦C to 200 ◦C and heat source 
temperature decreased from 80 ◦C to 75 ◦C. For the standard cycle, 
R601, R514a, and R1234ze(Z) had the largest COP of 3.3 and corre
sponding volumetric heating capacities of 2992 kJ/m3, 3710 kJ/m3, and 
6071 kJ/m3 respectively. For the cycle with the IHX, the refrigerant with 
the highest COP at 3.5 was R514a, which had a volumetric heating ca
pacity of 3883 kJ/m3. R1234ze(Z) had a similar COP (3.4) but a 
considerably higher volumetric heating capacity at 6187 kJ/m3. For the 
parallel compression cycle, a similar result was seen with R514a dis
playing a COP of 3.5 and a volumetric heating capacity of 3809 kJ/m3 

and R1234ze(Z) displaying a COP of 3.4 and a heating capacity at 6080 
kJ/m3. 

White et al. [107], developed a model for a prototype cycle (Table 3 - 
Cycle T1-2) that was used to analyse operating parameters outside the 
range of conditions (including temperatures up to 120 ◦C) that could be 
experimentally evaluated. According to the model, an increased heat 
sink temperature caused the optimum discharge pressure to increase 
while both the COP and heating capacity decreased. At a heat sink 
temperature of 120 ◦C (126.4 ◦C temperature lift), the model predicted a 
COP of 2.46 and a heating capacity of 60 kW. It also predicted that a 40% 
increase in the gas cooler heat transfer area would improve both the COP 
and heating capacity by 5% and 13.5% respectively. 

While studies have investigated performances of high-temperature 
cycles, and transcritical cycles separately, there seem to be few, if any, 
that have looked at transcritical, high-temperature cycles specifically, 
particularly for temperatures above 150 ◦C. Combining the advantages 
of transcritical cycles with some of the other cycle advancements 
described above could lead to a new class of HP technology. 

5. Critical research challenges and opportunities 

The development of new HTTHP technology has significant potential 
to minimise exergy destruction through further cycle innovations and 
heat exchange processes that better match heat source and sink profiles. 
To realise the full potential of this technology, the research community 
needs to address several challenges relating to HTTHP technology, most 
of which centre around the compressor. 

Challenge 1: Requires the refrigerant to be compressed to extreme 
pressures, (e.g., >15 MPa for CO2), making use of current 
compressor technology difficult. Possible Solution: select or develop 
cycle structures that intentionally limit the high-pressure require
ment through superheating of vapour before compression or use 
refrigerants with relatively low critical pressures. 
Challenge 2: Requires compressors with compression ratios greater 
than 8, which is higher than the maximum ratios of most current 
commercial compressors. Possible Solution: apply multiple 
compression stages to lessen the compression ratio of each stage and 
place the compression stage in the optimal location within the cycle 
structure to maximise COP. 
Challenge 3: Requires identification of efficient refrigerants (or 
refrigerant blends), beyond CO2, to maximise COP for specific ap
plications while keeping within pressure limits. Possible Solution: 
aim to closely match the refrigerant and process heat load profiles to 
minimise exergy destruction through the heat transfer processes. 
Challenge 4: Needs large heat transfer surfaces for tighter mean 
temperature differences. Possible Solution: investigate the trade-off 
between process fluid velocity, which drives the heat transfer coef
ficient, pressure drop and required pumping power, and cycle tem
perature lift, which determines the required pressure ratio and 
compressor power. 
Challenge 5: Requires a lubricant that is miscible with the refrigerant 
and protects and seals the compressor across the full temperature 
range. Possible Solution: oil-free compressors are becoming more 
common, but often sacrifice isentropic efficiency. 
Challenge 6: Results in high expansion losses due to high compression 
ratios, generating substantial flash gas and reducing cycle COP. 
Possible Solution: for some applications, use process integration 
principles to design a system that cools the supercritical fluid to a 
sufficiently low temperature that allows for single-phase expansion 
such that conventional expanders can be used for work recovery. 

Each of the possible solutions indicates a need to optimise the inte
gration of the cycle. This includes the selection and arrangement of the 
components that comprise the cycle and their exchange of heat with the 
target application. Process integration methodology has traditionally 
been applied to chemical processes and industrial sites to optimise heat 

Table 7 (continued ) 

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

Cascade with transcritical, single stage with IHX (top) and 
transcritical, series gas cooler and cascade exchanger 
(bottom)    

K.-M. Adamson et al.                                                                                                                                                                                                                          



Renewable and Sustainable Energy Reviews 167 (2022) 112798

19

and mass exchange and minimise utility demand [134]. This method
ology can also apply to the development and application of new HP 
cycles with their target industries. Schlosser et al. [135] introduced one 

such method to analyse the retrofit potential of both new heat ex
changers and HPs using a method called Bridge Analysis. 

Table 8 
Expander and ejector cycles.  

Code Cycle schematic and description Tsink (out)/ 
Tcond (◦C) 

Tsource (in)/ 
Tevap (◦C) 

ΔTLM Refrigerant COP Experimental (E) or 
Simulation (S) 

Ref. Year 

S1e- 
1a 

Subcritical, single stage with ejector and separator 

-/30 -/− 15 – R12 5.7 S [122] 1990 
-/35 -/− 5 – R717 4.7 S [123] 2009 

S1e- 
1b 

Subcritical, single stage with post-compressor ejector 
and closed economiser 

-/55 -/5  R417A 4 S [124] 2011 

T1e- 
1 

Transcritical, single stage with ejector and separator 

-/39–46 -/5 – CO2 3–1 S [120] 2011 
60/- 12/- – CO2 2.75 E [125] 2017 

S1e-2 

Subcritical, single stage with IHX, ejector and 
separator 

-/105–125 -/25 – R1233zd 
(E) 

3.5–2.7 E [52] 2019 

-/105–125 -/25 – R600 3.5–2.6 E [52] 2019 
130/- 30–90/- – R245fa 1–5.45 S [92] 2021 

T1e- 
2 

Transcritical, single stage with IHX, ejector and 
separator 

45/- 27/- – R744 1.175 E [119] 2008 
-/40 -/5 – CO2 4.5 E [126] 2003 
-/42 -/0 – CO2 1.75 E [126] 2011 
50–90/- 22/- – CO2 6–3.7 E [118] 2018 

S1e-3 

Subcritical, single stage compressor with two 
evaporator stages, ejector and IHX 

-/105–125 -/25 – R1233zd 
(E) 

3.7–2.6 E [52] 2019 

-/105–125 -/25 – R600 3.6–2.4 E [52] 2019  
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5.1. New cycle with inherently lower maximum pressure requirements 

Transcritical CO2 cycles can output 80 ◦C–90 ◦C hot water for in
dustrial and large-scale energy sinks. Increasing the output temperatures 
above 100 ◦C encounters constraints around the maximum discharge 
pressure from a compressor (about 15 MPa for CO2 cycles). Using Cycles 
T1-1 or T1-2 (Table 3), a HTTHP cycle would need to reach extreme 
pressures to obtain the temperatures around 200 ◦C, which is highly 
impractical. 

The distinguishing feature of a transcritical cycle is that the 
compressor discharges the refrigerant at a pressure above its critical 
point. Well beyond the critical pressure, most refrigerants exhibit 
increasingly linear temperature-enthalpy profiles but have few other 
benefits. To achieve a target temperature such as 200 ◦C, two possible 
processes may be applied – compression or heat exchange. If a HTTHP 
cycle reaches the maximum pressure ceiling, the balance needs to shift 
away from compression and more towards heat exchange. 

This review proposes two possible ways to shift the critical com
pression–heat exchange balance. First, external heat from the sur
rounding process or greater internal heat exchange within the cycle can 
be applied to superheat the suction gas. The feasibility of using external 
waste heat in the heat pump is process-specific and can be confirmed 
using process integration methodology. A concept using internal heat 
exchange to boost the compressor discharge temperature was presented 
by Liu et al. [106,110] (Table 3 - Cycle T1-3). Second, a cascade tran
scritical cycle can be applied where the bottom cycle’s gas cooler pro
vides superheat to the suction gas in the top cycle (Fig. 9). This new 
cascade arrangement could significantly superheat the suction gas, 
which will reduce the compression required to reach the same discharge 

temperature. The selection of the optimal combination of refrigerants 
and operating parameters for the two parts of the cycle is non-trivial and 
a valuable area of research. 

Table 9 
Hybrid cycles.  

Code Cycle schematic and description Tsink (out)/Tcond 

(◦C) 
Tsource (in)/Tevap 

(◦C) 
ΔTLM Refrigerant COP Experimental (E) or 

Simulation (S) 
Ref. Year 

H1- 
1 

Hybrid, single stage with IHX 

87 50 – NH3–H2o 4.5 E [129] 2011 

H1- 
2 

Hybrid, single stage with IHX and gas 
cooler 

111/- 75/- – NH3–H2o 3–4 S [132] 2015 

H2- 
1 

Hybrid, two stage compression with two 
IHXs   

117/- 53/- – NH3–H2o 3.8 S [133] 1998  

Fig. 9. New transcritical cascade cycle.  
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5.2. Refining cycle structures to match heat exchange profiles 

Townsend and Linnhoff [136] first proposed the concept of appro
priate integration of HPs using Pinch Analysis. Pinch Methodology 
[134] is well known in chemical and process engineering and commonly 
taught in both undergraduate and postgraduate programmes. A key part 
of Pinch Analysis is the construction of Composite Curves (heat load 
profiles of the sources and sinks, separately) and the Grand Composite 
Curve (a net heat load profile of process sources and sinks). Using the 
Grand Composite Curve, an engineer can identify “waste” heat below 
the Pinch Temperature that could be upgraded for heating higher tem
perature sinks above the Pinch, which is expressed as integration across 
the Pinch. Non-compliance with this integration rule leads to either: (1) 
using electricity as a hot utility with an effective system COP of 1 
(integration above the Pinch) or (2) an increase in cooling demand with 
an effective system COP of 0 (integration below the Pinch). The shape 
and slope of the Grand Composite Curve characterise the heat demand 
and temperature level requirements of the process. To minimise entropy 
generation during heat exchange in HPs, the temperature glide of the 
heat release and absorption profiles should ideally parallel the 
temperature-load profiles of the background process with a small min
imum approach temperature offset (i.e., the Grand Composite Curve). 

An avenue to search for new transcritical cycles is through the 
appropriate placement principles of Pinch Analysis – a key process 
integration methodology [134]. Fu and Gundersen [137] state that 
ideally a compressor should be positioned to provide heat above the 
system Pinch Temperature, i.e., the temperature that divides a region 
that requires heat (above the Pinch Temperature) and a region that has 
excess low-grade heat (below the Pinch Temperature). Likewise, an 
expander is appropriately placed by providing cooling below the Pinch. 
Using these principles for locating a compressor and expansion in a HP 
cycle, Fu and Gundersen [138] studied a typical industrial application to 
recommend a reverse Brayton cycle (also called the Joule cycle) with a 
single-phase gas refrigerant. Walmsley et al. [131] also applied these 
principles to a hybrid ammonia-water HP to increase COP. These 
appropriate placement principles may also be applied to transcritical 
cycles to lower the maximum pressure requirement. 

Many recent studies have identified the suitability of drying pro
cesses for the application of HTHPs, especially HTTHPs (e.g. Ref. [87]). 
For inlet air heating, the gas cooler results in substantial temperature 
glide as the supercritical fluid cools. On the dryer exhaust side where the 
evaporator is placed, the exhaust air contains substantial moisture, 
resulting in substantial latent heat below its dew point. Both the gas 
cooler and evaporator are well matched to the temperature-load profile 
of the process, which would minimise exergy destruction and improve 
COP. This excellent integration solution for drying follows the appro
priate application of process integration. Additional industrial applica
tions can similarly be identified using the same approach. 

6. Conclusions 

A review of HTHP, their advancements, and the potential to associate 
transcritical cycles with high temperatures (up to 200 ◦C) and the crit
ical research challenges and opportunities is presented. The paper 
summarises 49 different existing cycle configurations from the literature 
with their performance for various temperature ranges and reveals po
tential outcomes achievable for different HTHP cycle advancements. 
HPs continue to require research, development, and innovation to 
stretch the range of applications to ever higher temperatures and tem
perature lifts. However, continuing with conventional sub-critical cycles 
will not necessarily unlock the performance gains necessary to make 
these cycles economic for high temperatures (>100 ◦C). New tran
scritical cycles show potential to improve the COP to levels that are 
competitive with alternative fuels up to temperatures of about 200 ◦C, 
operate with feasible pressures, and achieve mean temperature lifts 
around 100 ◦C. 

Further research is required to explore the capability of HTTHP cy
cles. Six challenges with corresponding potential solutions have been 
identified and proposed. This led to the development of a new tran
scritical cascade cycle concept not seen elsewhere in the literature. 
Collectively, these challenges and areas provide pathways for future 
investigation. 
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