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ARTICLE INFO ABSTRACT

Keywords: The thermo-economic performance of high-temperature heat pump utilizing working fluids applied to ORC
Cyclohexane systems with high critical temperatures like cyclohexane, hexane and cyclopentane were compared to intensively
cop . examined working fluids, in this study. The aim is to determine their economic feasibility for high temperature
X\;’a’; (t); ;Z:;p ression supply up to 150 °C. The vapor compression cycle with internal heat exchanger was adopted for this evaluation,

for a heat source of 50 °C, supply temperatures in the range of 100 to 150 °C and heat exchanger pinch point
temperature difference of 5 K. The coefficient of performance (COP) of the cycle was optimized at the considered
boundary condition by attaining maximum subcooling at the condenser. A 7.9 % higher COP was obtained with
cyclopentane compared to the state-of-the-art working fluid R1336mzz(Z). From the economic point of view
these cyclic hydrocarbons, especially cyclopentane, are associated with 1.5 % higher specific investment cost.
However, these working fluids lead to 5 % discounted payback period due to increased performance, compared
to R1336mzz(Z). These positive results affirm the prospect of cyclopentane as a suitable working fluid for heat
pump applications both from the thermodynamic and economic point of view.

Supply temperature
Levelized cost of heat

and supply temperatures up to 100 °C. The claim of a possible
replacement for gas burners is further strengthened by the proposed
140 °C steam generation at a COP of 2.7, as concluded from the HTHP
analysis by Ma et al. [13]. Ziihlsdorf et al. [14], identified the potential
to supply process heat up to 280 °C using electrically driven heat pumps.
Environmental concerns related to heat pump use are being addressed
through ongoing research on the selection of working fluids [15]. Li
et al. [16] recommended R365mfc and R1233zd(E) as the best
replacement for R245fa, which has been phased out due to high ozone
depletion potential. Previous research [17] has shown that natural
working fluids such as cyclohexane, have high performance capabilities.
The study of Di et al. [18] has confirmed that HTHP technologies with
R718 as refrigerant not only meet high temperature requirements but

1. Introduction

The demand for heat provision is relevant across all sector of the
economy, spanning from process heat in manufacturing [1-3], to heat
requirements for district heating [4,5]. Studies have indicated that heat
pumps have significant potential for providing heat at different tem-
peratures in these sectors, with a technical potential of 113 PJ of process
heat up to 150 °C in the European market alone [6]. They are suitable for
recovering waste heat, capable of delivering district heat in the range of
30 to 40 °C waste steel process heat at 10 MW installed capacity in
Angang Lingshan steel plant of China, as per the study of Hu et al. [7].
This also includes the effective utilization of waste at different temper-

ature to provide energy required for dyeing process [8]. Furthermore,
research by Zhao et al. [9] on waste heat recovery using heat pump
demonstrated the potential to produce steam at 85 °C evaporating
temperatures. The potential for completely environmentally friendly
operation through heat pumps makes it a preferred option in today’s
society compared to the use of fossil fuels in gas burners [10]. An
extensive review by Jiang et al. [11,12] supports the development of
high-temperature heat pumps (HTHP) with source temperature of 30 °C
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also deliver the best system performance. This has led to the adaptation
of more environmentally friendly working fluids to replace those with
harmful effects like chlorofluorocarbons (CFCs) and hydro-
chlorofluorocarbons (HCFCs) [6,11,19]. A study of 16 working fluids on
10 HTHP configurations by Andersen et al. [20], highlighted the po-
tential of sustainable high-temperature heat pump application with
natural working fluids. Natural working fluids are most preferred for
achieving minimal environmental impact and are the focus of recent
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Nomenclature

A area (m?)

B1B, are empirical factors
B, boiling number

K;, K3K3 equipment cost factors

Q heat transfer (kW)

m mass flowrate (kgs_l)

h enthalpy (kjkg™!) or heat transfer coefficient (kwm2k 1)
CE component cost (€)two-phase convection multiplier
H heat (kw)

K thermal conductivity of fluid (kwmk™H

N yearly operating hours (hours)

p pressure (bar)

Pr prandtl number

Re reynolds’ number

S entropy

T temperature (°c)

U overall heat transfer coefficient (kwm2k™1)

w work (kw)

dorD diameter (m)

i interest rate (%)

x vapor fraction

y thermal conductivity of tube (kwm'k™H

Greek letters

n efficiency

A difference

< less than

z summation

Superscripts

o) base case

Abbreviations

COP coefficient of performance

DPBP discounted pay back period
HC hydrocarbon

HFO hydroflouroolefin

HTA heat transfer area
HTHP  high temperature heat pump
IHX internal heat exchanger
LCOH  levelized cost of heat
NPV net present value

SEC speccifi equipment cost
SIC specific investment cost
TCI total cost of investment
TEC total equipment cost
Subscripts

2p two-phase

c cold

Comp compressor

Cond condenser

crit critical

des desuperheat

dis discharge

eva evaporator

f liquid

h hot

hx heat exchanger

is isentropic

NB nucleate boiling

r ratio

sh shell

sp single phase

sub subcool

sup supply

tub tube

research studies [11,21-23]. In addition to environmental consider-
ations, the costs associated with integrating heat pumps must be
assessed to determine their feasibility [24]. Hence, an effective selection
of working fluid for a specific application will be based on a balanced
compromise between efficiency and associated costs. Moreover, with
the idea of heat pumps as a replacement for gas burners [6,13], it is
important to determine the cost savings resulting from such replacement
[21].

Thermo-economic analysis has been carried out on heat pumps using
different working fluids in various research studies. Jeberger et al. [25]
examined the effects of upscaling laboratory heat pumps using R1233zd
(E) and found a 15 % increase in losses, along with up to 3.5 % and 8.7 %
increase in volumetric and isentropic efficiencies, respectively, with a
3.2 scale-up factor. For temperatures up to 200 °C, Spale et al. [26]
suggested a blend of cyclopentane and R1336mzz(Z) as the most optimal
option in terms of performance and safety balance. Kosmadakis et al.
[19] researched the feasibility of synthetic working fluids to upgrade
waste heat up to 150 °C and concluded that the HFO R1234ze(Z) seems
to be more promising with a high cycle performance and heating ca-
pacity compared to R1233zd(E) and R1336mzz(Z). However, due to its
low production limit of 140 °C for HFO R1234ze(Z) in a single stage
cycle, R1335mzz(Z) has been suggested for high temperature ranges.
Vannoni et al. [27] indicated that iso-butane has potential for HTHP for
waste heat recovery, especially for temperatures not exceeding 120 °C,
from a techno-economic standpoint, with the compressor being the
major contributor to the total investment cost. Vieren et al. [28]
analyzed the integration of pure and binary working fluids for high-

temperature heat pumps from the economic point of view, considering
source temperatures of up to 120 °C over supply temperatures up to
200 °C. The results proved that pure fluids are more promising for op-
erations with large temperature glides between the source and the sink.
Hosseinnia et al. [29] justified the viability of R600 and R718 in a
cascaded heat pump system, delivering heat up to 150 °C. The review of
Arpagaus et al. [6] on the application potentials of refrigerants reported
a specific cost of 200 to 800 €/kW for HTHP depending on factors such
as plant size, refrigerant, heat sink, and source. A summary of relevant
studies is presented in Table 1.

One consistent finding in existing techno-economic studies is that the
specific equipment cost of heat pump systems depend strongly on
several factors, including working fluids and boundary conditions [6].
However, most published studies focus on working fluids with critical
temperatures below 200 °C and target heat supply temperatures under
130 °C. This narrow focus limits the development of high-temperature
heat pumps (HTHPs) that can supply heat at higher temperatures
using environmentally friendly fluids. While cyclic hydrocarbons have
demonstrated promising thermal performance in Organic Rankine Cycle
(ORC) systems [30,31] — for example, Abbas and Vrabec [32] reported
thermal efficiencies of 19.13 % and 18.03 % for cyclohexane and
cyclopentane respectively— their potential as working fluids for HTHPs
remains largely unexplored. This represents a clear knowledge gap, as
no comprehensive thermo-economic assessment exists for integrating
cyclic hydrocarbons with high critical temperatures into HTHPs.

Therefore, the primary goal of this study is to fill this gap by inves-
tigating the performance and economic feasibility of using cyclic
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Table 1
Summary of relevant studies.
Reference Working fluid method Source Supply
temp temp
(°C) (°C)
Doninelli et al.  Fluorobenzene Theoretical 70—130 180
[33]
Wei et al. [34] R1234ze(E) Experimental —-5-10 50
Wei et al. [35] R32 Theoretical 18 50-60
Bergamini R290, R600a, R717, Theoretical 20-80 180
et al. [36] R718
Andersen et al. R170, R290, R600, Theoretical 0-100 250
[20] R600a, R601, R601a,
R602, RE170, R717,
R718, R744,
R1224yd(Z),
R1233zd(E),
R1234ze(E),
R1234ze(Z),
R1336mzz(Z)
Obika et al. Cyclohexane, MM, Theoretical 50 140-170
[17] cyclopentane,
cyclopropane, R600,
R600a, R601, R601a,
R1336mzz(Z),
R1234ze(Z),
R1233rd(E)
Navarro-Esbri R1336mzz(Z) Experimental 83-117 102-158
and Mota-
Babiloni
[37]
Ma et al. [38] MC-1, HFC245fa, Theoretical 60 85-120
HFC245ca,
HFC236ea,
HFC1234ze(Z),
HFC142b
Ommen et al. R290, R744, R717, Theoretical — 120
[39] R600a, R134a
Suong and R152a, R124, R125, Theoretical -10-5 35-65
Asanakham R134a, R143a,
[40] R1234yf, R1234ze
(E), R290, R218,
R32, R600, R717,
R1270
Vieren et al. Cyclobutene, Cis-2- Theoretical - 200
[41] butene
Mateu-Royo R245fa Experimental ~ 60-80 90-140
[42]
Lu et al[43] R141b Theoretical 45-70 105-130
Kosmadakis R1233zd(E), Theoretical <100 150
etal. [19] R1336mzz(Z),
R1234ze(Z)
Vannoni et al. R600a Theoretical 70 120
[27]
Wu et al. [44] R410a, R245fa Experimental —20-43 125
Theoretical

hydrocarbons in high-temperature heat pump cycles. Specifically, this
research compares these hydrocarbons with well-established fluids such
as R601, R601a, and R1336mzz(Z) in classically optimized HTHP con-
figurations. The study focuses on heat supply temperatures up to 150 °C,
aiming to identify environmentally benign working fluids that can
expand the viable operating range of HTHPs.

In doing so, this work addresses the following research questions:

e How do the performance characteristics of cyclic hydrocarbons
compare with conventional working fluids in an optimized HTHP
cycle?

e How economically competitive are these cyclic hydrocarbons rela-
tive to commonly used alkanes and HFOs?
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2. Method
2.1. HTHP cycle

The Aspen Plus software was used to model the vapor compression
heat pump with internal heat exchanger configuration [45,46], depicted
in Fig. 1. This setup comprises the evaporator, compressor, condenser,
internal heat exchanger (IHX), and expansion valve. The working fluid is
evaporated to a vapor fraction of 1 at state point 1, then gets super-
heated to point 2 by the IHX at the entrance of the compressor. On
exiting the compressor at point 3, it undergoes compression to high
pressure and temperature. Within the condenser, the working fluid ex-
periences desuperheating, condensation, and subcooling processes,
exiting at point 6 as subcooled liquid, while transferring heat to the sink.
The fluid is additionally subcooled in the IHX to point 7 and then
expanded to low pressure at point 8. The low-pressure double-phase
fluid returns to the evaporator to continue the cycle.

2.2. Selection of operating parameters

This section presents the criteria for the selection of the boundary
conditions and the working fluids adopted in the study.

2.2.1. Selection of boundary conditions

The heat source is simulated as water with a constant temperature
and pressure of 50 °C and 5 bar respectively. This temperature is typical
for industrial waste heat recovery [47], which is an efficient heat source
for heat pumps [48-50]. The heat sink is modelled as water with a
constant inlet pressure of 15 bar, to ensure the sink outlet remains in the
liquid state. The sink outlet temperature is modelled as pressurized
water up to 150 °C, encompassing various process heat temperature
requirements, particularly in the chemical, paper, and metal industries
[51,52]. The evaporator is modelled to completely vaporize the working
fluid, while the superheat requirement for the fluids is addressed in the
IHX to increased efficiency [53]. The condenser is considered as a
compact heat exchanger to handle the desuperheating, condensing and
subcooling requirements of the cycle. A minimum pinch point temper-
ature difference of 5 K is predetermined for all heat exchangers. Both
heat and pressure loss were not considered in the simulation. The
boundary conditions are detailed in Table 2, mostly adopted from pre-
vious investigation [17].

2.2.2. Selection of working fluids

This economic analysis considered five different working fluids—
four natural refrigerants and one synthetic fluid — as outlined in
Table 3. The fluid selection process primarily relied on a good perfor-
mance index, as indicated in a previous publication [17]. Working fluids
with critical temperatures below 170 °C were excluded to enable
subcritical operation for supply temperatures up to 150 °C. In addition,
the selection accounted for the slope of the saturation vapor line on the
T,s-diagram (see Fig. 2), focusing on dry and isentropic fluids, which are
well-suited for stable cycle operation.

From an environmental perspective, the selected fluids exhibit low
global warming potential (GWP < 10) and zero ozone layer depletion
potential (ODP). Another important factor is their classification
regarding per- and polyfluoroalkyl substances (PFAS). Increasing sci-
entific and regulatory attention is being paid to PFAS due to their
persistence and potential to form harmful degradation products such as
trifluoroacetic acid (TFA), which can contaminate water sources [54].
Consequently, proposed legislation in the European Union and other
regions aims to restrict or ban the use of fluorinated substances that fall
under the broad PFAS definition. If implemented, such bans could
significantly affect the availability and acceptability of certain hydro-
fluoroolefins (HFOs), and hydrofluorocarbons (HFCs) commonly used in
heat pump, air-conditioning and refrigeration as well as ORC systems.

In this context, the use of natural hydrocarbons, such as
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Fig. 1. Schematic scheme of the considered vapor compression heat pump cycle with IHX and corresponding T,s-diagramm.

Table 2 300
Boundary conditions. Cyclohexane
Parameters Constant value Range Cyclopentane
Heat source inlet temperature 50°C ,.\250 1 R601a
Heat source temperature glide 5°C (@) — R601
Heat sink temperature glide 50-100 °C L 200 - —— R1336mzz(2Z)
Heat sink outlet temperature 100-150 °C [0)] Hexane
Heat source pressure 5 bar ’5
Heat sink pressure 15 bar "('“'
ATpp (all heat exchangers) 5K 5 150 -
[oN
€
cyclopentane and cyclohexane, gains additional relevance because they ﬁ 100 -
do not contain fluorine and are not subject to PFAS-related restrictions.
Although R1336mzz(Z) is a fluorinated fluid that technically falls under
the PFAS classification [54], it has been shown to have a very low risk of 50
forming TFA [55] and is considered a relatively safe alternative to high- .
GWP HFCs like R245fa [56,57]. Nevertheless, future regulatory de- -0,5 0,0

velopments may tighten restrictions on all PFAS-classified refrigerants,
further underscoring the importance of exploring non-fluorinated
working fluids for high-temperature heat pump and ORC applications.

2.3. Thermodynamic modelling

Table 4
Selected solvers.

05

1.0

1,5 2,0

Entropy (KJ/Kg-K)

Fig. 2. T, s diagram of the selected working fluids from REFPROP [58].

The thermodynamic modelling of the system was done using Aspen Components Solver Governing Reason
plus V12.1. Different solvers (model blocks) in the Aspen Plus V12.1 equation
software, were selected to compute the mass and energy balance of the Evaporator, IHX HeatX Q = mG,AT Performs zone analysis,
various components as presented in Table 4. The HeatX block was and condenser Sets ATy, calculates
selected for all the heat exchangers. This solver enables the division of c b AR ‘é“i‘“tl‘ty of heat transfer
. . . Isentropi sAR = A tes input ,
the heat exchanger into 100 zones to facilitate an accurate setting of the ompressor sentropic s : acwates Input power
. . . . . compressor performs vapor-liquid
pinch point temperature difference ATy, The isentropic compressor check
block selected for the compressor performs vapor-liquid checks through Expansion valve Valve block AR =0 Adiabatic flash
the compression process. This enables the identification of wet
Table 3
Working fluid properties.
Fluids Type **ODP **GWP *T_crit *p_crit ***Safety Slope
(100 yr) (°C) (bar) Class type
Cyclohexane HC 0 ~20 280.7 40.8 A3 Dry
Cyclopentane HC 0 <25 238.6 45.1 A3 isentropic
Hexane HC 0 <1 234.29 30.25 A3 Dry
n-Pentane (R601) HC 0 <1 196.6 33.6 A3 Dry
Isopentane (R601a) HC 0 <1 187.8 33.8 A3 Dry
R1336mzz(Z) HFO 0 2 171.3 29.0 Al isentropic

*The thermodynamic properties were obtained from REFPROP 10.0a database[59].

**ODP and GWP are according to WMO 2022 scientific report on ozone depletion [60], U.S. Environment Protection Agency (EPA) [61], Abbas and Vrabec [32] and

Zhai et al. [62].
***safety class is evaluated to ANSI/ASHARAE[63].
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compression at any point in the compression process. The valve block
selected for the expansion valve, calculates adiabatic flash for the
determined outlet pressure. The given set of equations applies to the
system under steady-state conditions. The flow chat summarizing the
study is presented in Fig. 3.

2.3.1. Compressor

The isentropic compressor model was utilized to represent the
compressor. This model block offers the flexibility to specify either the
discharge pressure, pressure ratio, pressure increase, or required power,
with a single degree of freedom. In this instance, the discharge pressure
was adjusted through the software’s design specification function to
achieve the desired 5 K pinch point temperature difference at the
condenser. Equation (1) presents the compressor energy balance equa-
tion. The isentropic efficiency was estimated by fitting the inlet volume
flowrates and volume ratios, in the screw expression suggested by Astolfi
[64].

s =a {b + clnvy, — dv,} 1

a=1-0.264In(v,/7) (2)

The fitted constants (b, ¢, and d) are 0.9403305, 0.0293295 and
0.0266298 respectively. v, is the suction volume flow rate and v, is the
volume ratio.

The model was validated using empirical data from a screw
compressor, thereby confirming its applicability to the present study.
This was fitted into the compressor model using the calculator block
provided by the software. Unlike several other isentropic efficiency ex-
pressions considering just the pressure ratios, the volume ratio and inlet
volumetric flow rate captures the quantity of the fluid that passes
through the compressor. This compressor model is compatible with
different working fluids because it explicitly accounts for the fluid’s
thermodynamic and volumetric behaviour through the inlet volumetric

Fluid selection
GWP<10; ODP=0; T.»>150 °C

!

Boundary conditions
T:0=50°C; Tzup=100-150°C;
BTp=5K

Heat pump model
(Aspen plus)

)

[ Model validation

Model
validates?

cor

Boundary
conditions
met?

Optimization criteria J

L COPmax= f(ATat)

l Yes

COP, HTA, Taamp

Economic analysis
NPV, TC. SEC, LCOH. DPBP

Fig. 3. Simulation flow chat.

[ Thermodynamic analysis J
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flow rate and the internal volume ratio. Both parameters are strongly
dependent on the working fluid’s properties — including density,
compressibility, and saturation conditions. By using this fitted correla-
tion, the isentropic efficiency adapts automatically when a new fluid
changes the suction flow rate and required volume ratio. This ensures
that the compressor’s performance prediction reflects the real impact of
switching to a fluid with different vapor density or molecular weight.
Importantly, the original work by Astolfi [64], validated this correlation
for more than thirty different working fluids — including hydrocarbons
and other organic fluids commonly used in heat pumps and ORC ap-
plications. This broad validation range demonstrates that the model
reliably captures how changes in fluid properties affect compressor
behaviour across a wide spectrum of refrigerant types.

Therefore, the present study can robustly assess the effect of
switching to different working fluids within the same compressor design
concept. In practice, the simulation adjusts the discharge pressure and
resulting flow conditions to meet the cycle target. This ensures realistic
energy balances and performance predictions when comparing multiple
fluids at the screening stage.

In addition to the isentropic efficiency, the compressor’s volumetric
efficiency was explicitly modelled to account for internal leakage and re-
expansion losses, which significantly influence the actual suction flow
rate. The volumetric efficiency was estimated using the empirical cor-
relation proposed by Fu et al. [65], which relates the efficiency to the
compressor’s pressure ratio (P,):

Mot = 0.95 — 0.0125P, 3

It is important to note that the use of a screw compressor inherently
defines a practical scale for the system, because the compressor’s ca-
pacity is directly linked to its volumetric displacement and rotational
speed. Screw compressors are positive displacement machines suited for
moderate volumetric flow rates and pressure ratios, which typically
translates to thermal outputs from several tens of kilowatts up to about
1-2 MW, depending on the working fluid’s density and the enthalpy lift.
Therefore, the present analysis assumes a scale that matches typical
industrial screw compressor applications, and the results should not be
extrapolated beyond this range without re-evaluating the compressor

technology.
Hence the work of the compressor is calculated using equation (4).
Weomp = m(hss — h2) /n;q (C))]

Where m is the mass flow rate of the working fluid.

2.3.2. Condenser

The HeatX block was used to simulate the condenser as a single-unit
heat exchanger, encompassing desuperheating, condensation, and sub-
cooling. This block offers a single degree of freedom, allowing for the
adjustment of the degree of subcooling. To ensure precise calculation of
the temperature difference at the pinch point, the condenser was
segmented into 100 zones. With the design specification tool, the zonal
analysis feature (in the HeatX block) of the Aspen Plus software was
utilized to set the condensation pressure and the pressurized water at the
sink inlet was used to set the minimum pinch point temperature dif-
ference of 5 K at beginning of the condensation process (vapor quality
equal 1). Equation (5) presents the energy balance for the condenser.

m(hB - h6) =my (hsi.ou[ - hsi,in) 5)

Where hg is the enthalpy of the fluid at the exit of the condenser, hy;
is the enthalpy of the heat sink inlet, m is the mass flow rate of the
supply water and hg,, is the enthalpy of the heat sink exit. The heat
transfer in the condenser is calculated using Equation (6). The shell and
tube heat exchanger type was selected for all heat exchangers.

Qcond = m(h3 - h6) (6)
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2.3.3. Evaporator

The HeatX block was used to model the evaporator, ensuring com-
plete evaporation of the working fluid into the saturated vapor state. A
working fluid vapor fraction of 1 was specified at the evaporator outlet
in the block. By utilizing the design specification tool, the mass flow rate
of the heat source is modified to achieve a heat source exit temperature
of 45 °C, at the set evaporation pressure. To enable accurate calculation
of the pinch point temperature difference, the evaporator is segmented
into 100 zones. Equation (7) provides the energy balance in the
evaporator.

m(hl - h8) = mso (hso.in - hso.out) (7)

Where h; is the enthalpy of the fluid at the exit of the evaporator, hg
is the enthalpy of the working fluid at the inlet of the evaporator, hy, i, is
the enthalpy of the heat source inlet, mg; is the mass flow rate of the heat
source and h, o, is the enthalpy of the heat source exit. The heat transfer
in the evaporator is calculated using Equation (8).

Qeva = m(hl - h8) (8)

2.3.4. Internal heat exchanger (IHX)

The HeatX block model is used to simulate the internal heat
exchanger (IHX) and meet the cycle’s superheat requirements with the
heat from the working fluid at the condenser outlet. The term refers to
the level of superheating that will prevent any form of liquid phase in the
compression process and it is related to the positive slope of the satu-
rated vapor line. Fluids with infinitely large slope in the saturation vapor
curve (isentropic fluids), will require less superheat compared to fluids
with negative slope in the saturated vapor curve (dry fluids). The
compressor block in Aspen Plus is enabled to perform vapor-liquid test
to ensure the elimination of any form of wet compression in the
compression process. The IHX is modelled in principle analogous to the
HEX described above. Equation (9) describes the energy balance in the
IHX.

(hz —h1) = (he —h7) ©

Where h; is the enthalpy of the working fluid at the inlet of the
expansion valve. The heat transferred in the IHX is calculated using
equation (10).

Qux = m(hy —hy) (10)

2.3.5. Expansion valve

The expansion valve is designed to handle the cycle’s expansion
requirement in an isenthalpic manner through the valve block. With one
degree of freedom, the outlet pressure is specified in the valve block.
Utilizing the design specification tool, the pressure was adjusted to
achieve a 5 K temperature difference at the evaporator for the cycle.
Equation (11) provides the energy balance at the expansion valve.

h7 = hg (11)
2.4. System performance and optimization

The coefficient of performance (COP) of the system was optimized
for the specified boundary conditions, using the optimization feature of
the Aspen plus 12.1 simulation software. The optimization tool is
composed of four main sections: variable definition, objective, con-
straints, and variable manipulator. Variable definition specifies the
variable(s) used in a Fortran programming language to create the
objective function. Only output variables, such as stream or block var-
iables, can be defined. For this study, the calculated compressor work
(Weomp) and the condenser heat transfer rate (Qcond) Were defined, and
the coefficient of performance, which serves as the objective function,
was then computed using Equation (12).

COP = Qcond/wcomp (12)

Energy Conversion and Management: X 27 (2025) 101156

The optimization constraint restricts the compressor suction tem-
perature to 80 °C, in line with the recommended safe limit for existing
compressors provided by [66]. This limitation results in a superheat
degree of 40 K under the specified boundary conditions. As a result of
the 5 K pinch point temperature difference in the heat exchangers, it is
anticipated that the working fluids will be entirely subcooled, with this
minimum pinch point temperature difference applied at the exit of the
condenser. Thus the optimisation of the was obtained by varying the
evaporation and condensation pressure of the working fluid and max-
imising the subcooling process in the condenser as considered in [20].

2.5. Heat transfer area calculation

All heat exchangers were modelled as the shell and tube heat
exchanger due to the high pressures and temperatures associated with
the cycle. Also, the need for pressure drop estimation arises due to its
effect on the overall performance of the system. The corresponding
calculation methods concerning heat transfer area and pressure drop are
described in detail in the following subchapters.

In this study, the working fluid is assigned to the tube side for both
condensation and evaporation primarily to ensure consistent and com-
parable heat exchanger sizing across different working fluids. This
approach simplifies the thermal-hydraulic modeling by allowing the use
of well-established correlations for two-phase flow inside tubes, which
improves the reliability of heat transfer predictions. Furthermore, it
provides a clear high-pressure boundary that can be conservatively
assessed for safety. While industrial high-temperature heat pumps
typically use shell-side condensation to handle larger volumetric flows
and facilitate maintenance, the tube-side arrangement used here offers a
practical basis for comparative techno-economic screening. This
simplification does not affect the validity of the relative trends reported
and will be refined in future detailed engineering design stages.

The heat transfer area of the heat exchanger is given by Equation
(13).

A= ZQi/(AT.U)i 13)

Where U is the overall heat transfer coefficient, Q is the rate of heat
transfer, and AT is the logarithmic temperature difference. The loga-
rithmic temperature difference is calculated using equation (14).

(Th.out - Tc‘in) }/ln[(Th.in - Tc.nut)/(Th.Dut - Tc,in) ]
14

AT = [(Th,in - Tc,aut) -

Where the subscripts h, in, ¢, and out stand for hot, inlet, cold, and outlet
respectively.

2.5.1. Condenser heat transfer area
The heat transfer area (HTA) of the condenser was calculated using
Equation (15) to cover for the HTA required for the desuperheating

(@)

(Ages), condensation (A, .,

) and subcooling processes (Agyp)-

n "
Acond = izlAg;,wn + Asub + Ades
- (i) . .
_ Zfl QZp.con qub + Qdes (1 5)
=1 AT(Zg,con U(Zg,con ATxub Usub ATdes Udes

Where Q and U are the heat transfer rate and overall heat transfer co-
efficient respectively. The overall heat transfer coefficient for the
condensation, subcooling, and desuperheating processes are calculated
using Equation (16), Equation (17), and Equation (18) respectively.

1 do/d; doIn(d,/di) 1

- +— (16)
Ug;.con 2/1'" hcw
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1 do/d;  doin(do/d) 1
Uxub - hsub M 2Am +hcw (17)
1 do/d; doln(d,/d; 1
= L + M +— (18)

@ B hdes 2)~m hcw

Where d, is the outer diameter of the tube, d; is the inner diameter of the
tube, 4, is the thermal conductivity of the tube material, h, is the
single-phase heat transfer coefficient of the supply water on the shell
side, hgs is the single-phase in-tube heat transfer of the working fluid for
the desuperheating process, hy;, is the in-tube single-phase heat transfer

coefficient of the working fluid for the subcooling process and hgg_wn is

the two phase in tube heat transfer coefficient of the working fluid for
the condensation process. The heat transfer coefficient for the two-phase
condensation process in the tube side of the condenser was calculated
using the correlation of shah [67], as presented in Equation (19).

3.8x076(1 — x)*%
+ e S—

: 0.38

hap.con = 0.023Re)F Pry*
Pr

1-x°"* 19)

The heat transfer coefficient for the single-phase subcooling and desu-
perheating processes, were calculated using the correlation by Petukhov
[68] as presented in Equation (20).

(f/8)RePr

Ki(f) + K2(Pr) (f/s)z(Pr% -1)

For the single-phase heat transfer coefficient on the shell side, the cor-
relation of Kern [69] was employed as presented in Equation (21).

haw = 0.36Re®*°Pr® @D

2.5.2. Evaporator heat transfer area

The evaporator only took care of the two-phase evaporation process
of the working fluid. The HTA of the evaporator was calculated using
Equation (22).

Q(i)
n (@) _ n 2p.eva
i:1A2P~eV‘1 - Zi:1 N

2p.eva ™ 2p.eva

Aeva = (22)

The overall heat transfer coefficient was calculated using Equation (23).

1 dy/di dn(d,/d) 1
. =— — 2
U e P @

2p.eva

The two-phase heat transfer coefficient for evaporation on the tube side
was calculated using the correlation of Gungor and Winterton [70] as
presented in Equation (24).

h2pveva =Ex hsp.f + hNB + hCB (24)

Where E is the convection two-phase multiplier, which is equal to 1 for
vertical flows, hg, ¢ is the liquid single-phase heat transfer coefficient, hyp
is the nucleate boiling component of two-phase heat transfer coefficient,
and hgg is the convective component of two-phase heat transfer coeffi-
cient. hg ¢, hyp and hcp were calculated with the combination of Equa-
tion (25), Equation (26) and Equation (27).

P _ 3000EB%®° (25)

hSP-f

hes /By = 112E(x, /1 —X.) x 0.75(p;/p,) *" (26)

hy = 0.023Re25Pr24N 27
spf = V. € pkTy D (27)
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Where B, is the boiling number, x, is the thermodynamic equilibrium
quality of the working fluid, p is the density, Resp is the liquid Reynolds
number based on tube diameter, Pry is the Prandtl number at saturated
conditions, K; is the thermal conductivity of liquid at saturated condi-
tion, and D is the tube inner diameter.

2.5.3. Internal heat exchanger heat transfer area

The heat transfer area of the IHX was calculated using Equation (28).

Qux (28)

A =
T AT Unix

The overall heat transfer coefficient of the IHX is calculated using
Equation (29).

d,/d; d,l d; 1
L, _ d/d dolnd/d) | 1
tub

h 2Am hy,

The heat transfer coefficient of the shell (hy,) and tube (hyy) sides
were calculated using Equation (21) and Equation (30).

(29

hup = 0.027Re8pro-33 (30)

2.5.4. Pressure drop estimation

The pressure drops In the heat exchangers were estimated using the
expressions suggested by Peters et al. [71] on the shell side and Uday
and Satish [72] on the tube side, for shell and tube heat exchanger type.
These expressions were fitted into the respective heat exchanger models
using the calculator block provided in the software.

The expressions pressure drops are presented in Table 5.

2.6. Economic model

The system cost of a heat pump can be estimated through direct
market surveys or by using cost functions [13]. Cost estimation methods
are more convenient and easier to use but may yield results that deviate
somewhat from direct market surveys. While current costs can be ob-
tained from market surveys, results from cost functions need to be
adjusted to recent periods using the equipment index of Chemical En-
gineering Plant Cost Index (CEPCI) [73]. These deviations arise from
specific details such as operating pressure factors and component con-
struction materials. The cost functions provide estimates for the cost of
components, operation, and overall system investment [13]. In
component cost estimation, the specific capacity parameters of the
components, such as heat duty or heat transfer area [74-76] for heat
exchangers and power, isentropic efficiency, displacement volume, and
pressure ratio [74,75,77-79] for compressors, play a significant role.
The cost estimation developed by Smith [80] from 2005 was adopted for
this study. The corresponding CEPCI of 468 was set in relation to the
value of January 2024 with 803, to accommodate the inflation in the
prices of raw materials, personnel cost and production processes.

The annual revenue was considered constant throughout the lifetime

Table 5
Isentropic efficiency and pressure drop correlation.

Parameters Correlations Reference

Pressure drop (tube AP; = AP; + AP, + APypes + Uday and Satish
side) AP, [72]
Pressure drop (shell AP B 2fG52Ds (Ng+1) Peters et al. [71]
side) shell = 7[4 014
pDe LT}

s.
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of the plant and calculated using Equation (31) as the product of the cost
of heat supply (Creq), the capacity of the plant (Q), and the yearly
operating hours (N).

REV; = Cpeat- Q.N 3D

The discounted payback period was calculated using Equation (32).
Where F,gy is the plant operation and maintenance factor, TCI is the
total investment cost, and I is the interest rate. The operation and
maintenance factor and interest rate of 90 % and 5 % respectively,
typical for waste recovery [81], were used. All the cost parameters are
summarized in Table 3 Table 6.

n Fosn-REV
Fosnt-REV,—1,.TCI

DPBP = FESA (32)

The project cost, known as the total investment cost, encompasses all
expenses related to establishing and operating the plant. In addition to
equipment and auxiliary costs, it includes labor, overhead, construction,
and integration costs for the heat recovery project. The calculation
involved applying a multiplication factor of 4.16 to the purchased
equipment cost (TEC) [19], as outlined in Equation (33). The specific
investment cost (SIC) of the entire heat pump system is determined by
dividing TCI by the heating capacity.

TCI = 4.16TEC (33)

The total equipment cost (TEC) is the sum of the cost of the main
components and the auxiliary cost (Cyyy), as presented in Equation (34).
The specific equipment cost (SEC) is calculated as the division of TEC by
the heating capacity.

TEC = Ccom + Ccond + Ceva + C:IHX + Caux (34)

The auxiliary cost accounts for the costs of piping and tanks (including
oil circuits, valves, and fittings) as well as electrical equipment
(including control panels, switches, and electronic expansion valve). It is
expressed as 20 % of the sum of the cost of the base equipment [19], as
presented in Equation (35).

Cau.x = 0~20(Ccom + Ccond + Ceva + CIHX) (35)

The determination of the feasibility of the studied working fluids utilizes
the levelized cost of heat (LCOH), which is a key economic parameter.
LCOH is calculated based on the total investment cost, auxiliary ex-
penses, and the cost recovery factor (CRF) outlined in Equation (36).

LCOH = (CRF x TCI + Caux + [Cetec X Heap X Ly x N]) /(N x Heqp X L,

x COP)
(36)

To estimate the purchase equipment cost of the main components, the
component cost according to Smith [80]. This equipment cost model
calculates the cost of heat exchangers and compressor as a function of
heat transfer area and power respectively using Equations (37) and (38).

Table 6

Cost estimation assumptions.
Parameters Values
Yearly operating hours (N) 7000 h
HTHP capacity (Q) 1000 kW

Cost of electricity (Ceec) 0.192 €/kWh([82]
Cost of heat supply (Cheqr) 0.142 €/kWh[82]
Lifetime of system (L,) 20 years
Interest rate (I,) 5%

Euro conversion ratio 0.95 €/$
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0.68
Che = 32800 <%> (37)
P 0.46
Ceomp = 98400 <ﬁ> (38)

The compressor cost model includes the cost of the motor. The heat
exchanger in this case is the shell and tube heat exchanger. The
boundary conditions for the cost models are summarized in Table 7

2.7. Verification of thermodynamic model

The verification of the model in this study was based on the exper-
imental results for a high-temperature heat pump system using R1233zd
(E) as working fluid of JeBberger et al. [25]. As reference case of 60 °C
for the heat source and 140 °C for the sink temperatures are considered.
The isentropic efficiency of the compressor is estimated by the model of
Astolfi et al. [64] for this validation. The pressure-drop correlations for
the heat exchangers adopted for this investigation were also applied in
this validation. The model was verified in respect to COP, displayed in
Fig. 4. The observed COP variations for all scenarios were just around
the 10 % range, indicating good cycle prediction by the developed
model. These variations may be attributed to unaccounted energy losses
in the model.

3. Results and discussion
3.1. Thermodynamic performance

3.1.1. Coefficient of performance (COP)

Fig. 5 shows that the COP of all six working fluids decreases
consistently with increasing supply temperature, a trend widely sup-
ported by findings in literature [37,43,83] due to higher compression
work and reduced thermodynamic efficiency at elevated temperatures.
Cyclopentane consistently delivers the highest COP, outperforming
hexane by up to 15 % at 150 °C, owing to its favorable critical properties
and higher isentropic efficiency. In contrast, hexane and cyclohexane
exhibit the lowest COPs (2.42 and 2.50 at 150 °C, respectively), pri-
marily due to reduced compressor isentropic efficiency—below 0.5 for
hexane at high temperatures. These results align with prior studies
showing cyclopentane’s strong performance in high-temperature ap-
plications, while heavier alkanes like hexane underperform due to poor
compression characteristics. These results strengthen the conclusions
that fluids with superior compressor efficiency and suitable critical
properties are optimal for high-temperature heat pump cycles Fig. 6.

3.1.2. Compressor discharge temperature

The highest temperature within a vapor compression cycle typically
occurs at the compressor outlet [84], making it a critical parameter due
to its influence on compressor reliability, lubricant stability, and mate-
rial durability [85]. Fig. 7 illustrates the compressor discharge temper-
atures for the six working fluids at various supply temperatures,
revealing marked variations in thermal behavior. Cyclic hydrocarbons
such as cyclopentane and cyclohexane exhibit significantly higher
discharge temperatures, reaching up to approximately 200 °C at a sup-
ply temperature of 150 °C. This is nearly 27 °C higher than that of

Table 7
Cost model equipment capacity limit.
Models Components Capacity Unit min max
Smith Compressor (including Power kw 250 1000
[80] motor)
Heat exchanger (shelland  Heat transfer m? 80 400

tube) area
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Fig. 4. Comparison of the COP obtained from the present model to that of
Jaromir et al. [25] at various supply temperature.
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Fig. 6. Isentropic efficiency at different supply temperatures.

R601a, which registers the lowest discharge temperature among the
fluids evaluated. The elevated discharge temperatures associated with
cyclic hydrocarbons are attributed to their higher specific heat ratios
and reduced isentropic efficiency at elevated temperatures, which result
in greater temperature rises during compression. These high discharge
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Fig. 7. Compressor discharge temperatures at different supply temperatures.

100 110

temperatures exceed the recommended thermal limit of 180 °C for
polyol ester (POE) compressor lubricants [66,86], thereby raising con-
cerns regarding lubricant degradation and potential compressor failure.
In contrast, linear hydrocarbons like hexane and R601a maintain lower
discharge temperatures under the same conditions, with hexane staying
just above the lubricant threshold at a supply temperature of 150 °C.
Consequently, despite its lower COP, hexane presents a thermally safer
option for high-temperature applications in ORC systems, particularly
where long-term compressor performance and oil stability are critical.
This emphasizes the importance of balancing thermal efficiency with
mechanical and chemical durability in the selection of working fluids.

3.1.3. Mass flow rate of working fluid

Fig. 8 reveals that the synthetic working fluid R1336mzz(Z) consis-
tently demonstrates the highest mass flow rate across the full range of
supply temperatures studied. This trend aligns with existing literature,
which attributes the elevated mass flow rates of synthetic fluids to their
relatively low enthalpy of evaporation [87]. In contrast, the organic
fluids typically used in Organic Rankine Cycle (ORC) systems—such as
cyclohexane, R601a, and other hydrocarbons—exhibit much lower mass
flow rates due to their higher latent heat of vaporization. This allows a
smaller quantity of fluid to transfer the same amount of heat, which not
only improves system compactness but also reduces the required
working fluid charge and associated material costs. Among the ORC
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Fig. 8. Mass flow rate comparison at various supply temperatures.
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fluids examined, cyclohexane stands out with the lowest mass flow rate
at all tested supply temperatures. Quantitatively, its mass flow rate is
approximately 150 % lower than that of R1336mzz(Z), and about 18 %
lower than R601a. This substantial reduction in flow rate translates into
smaller equipment sizing for pumps and heat exchangers, lower
pumping power, and reduced environmental and economic impact from
working fluid losses or leaks. Consequently, while synthetic fluids like
R1336mzz(Z) may offer some thermodynamic benefits, the significantly
higher mass flow rates demand careful consideration of equipment
design, operating costs, and fluid handling systems, especially in large-
scale or long-duration applications.

3.1.4. Condenser heat transfer area

The heat transfer area (HTA) is a critical parameter governing the
capital cost of heat exchanger equipment, as a larger HTA directly im-
plies greater material usage, fabrication complexity, and associated
expenditures. Fig. 9 illustrates the variation of the condenser HTA for
the working fluids under study as a function of the supply temperature.
As shown, the condenser HTA systematically decreases with increasing
supply temperature—a trend that aligns with thermodynamic princi-
ples. This behaviour can be attributed primarily to the increasing tem-
perature glide within the condenser at higher supply temperatures,
which enhances the mean temperature difference between the
condensing vapor and the cooling medium. Consequently, a larger
driving force for heat transfer is established, allowing the required duty
to be achieved with a smaller heat exchange surface.

The magnitude of the HTA requirement also varies considerably
among the different working fluids employed in the ORC systems. This
variation stems from differences in thermophysical properties such as
latent heat of vaporization, specific heat capacity, and the degree of
temperature glide during phase change. For instance, across the exam-
ined supply temperature range, the disparity in condenser HTA can
reach up to 50 % between fluids such as cyclohexane and R1336mzz(Z).
Notably, cyclohexane requires a substantially larger HTA due to its
relatively lower temperature glide and different condensation charac-
teristics, which result in a lower average temperature difference and
therefore demand a greater surface area to achieve the same heat duty.

3.1.5. Internal heat exchanger heat transfer surface area

Fig. 10 illustrates the variation in the internal heat exchanger (IHX)
heat transfer surface area for the selected working fluids across the range
of supply temperatures investigated. Among the working fluids consid-
ered, cyclohexane and hexane exhibit consistently higher IHX heat
transfer areas at all supply temperatures, with the maximum difference
reaching approximately 60 % compared to R1336mzz(Z). This
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Fig. 9. Condenser heat transfer area for different fluids as a function of supply
temperature.
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Fig. 10. Internal heat exchanger heat transfer area for different fluids as a
function of supply temperature.
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significant disparity arises primarily from their thermodynamic behav-
iour and the greater degree of superheating required to mitigate the risk
of wet compression during expansion. In contrast, cyclopentane dem-
onstrates a more moderate IHX surface area requirement throughout the
supply temperature range, with deviations of about 25 % relative to
R1336mzz(Z). This can be attributed to its favourable thermodynamic
characteristics, particularly its relatively steep saturation vapor curve,
which results in near-isentropic expansion behaviour.

Both cyclopentane and R1336mzz(Z) possess more vertically ori-
ented saturation vapor curves compared to other investigated fluids,
which reduces the tendency for vapor condensation during expansion.
As a result, these fluids require a lower degree of superheating to ensure
dry expansion conditions, thereby decreasing the necessary heat transfer
duty within the IHX. Consequently, R1336mzz(Z) consistently exhibits
the lowest IHX heat transfer surface area among the working fluids
studied, highlighting its advantage in reducing heat exchanger size and
associated capital costs for ORC systems. This behaviour aligns with
observations reported in previous studies [88,89], which demonstrate
that working fluids with steeper saturation vapor curves maintain higher
vapor quality, minimizing the need for extensive superheating and thus
reducing the heat exchanger surface area requirement.

3.1.6. Evaporator heat transfer surface area
Fig. 11 presents the variation in the heat transfer surface area of the
evaporator for the selected working fluids across the investigated supply
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Fig. 11. Evaporator heat transfer area for different fluids as a function of
supply temperature.
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temperature range. Among the fluids evaluated, the cyclic hydro-
carbons—cyclohexane and cyclopentane—demonstrate consistently
lower evaporator heat transfer area requirements compared to the other
working fluids, with the maximum difference reaching approximately
15 % relative to R601a under lower supply temperature conditions.
Notably, this difference becomes more pronounced at elevated supply
temperatures, increasing by approximately 12 %, indicating that the
performance advantage of the cyclic hydrocarbons in reducing evapo-
rator size is amplified at higher heat source temperatures. The two cyclic
hydrocarbons, cyclohexane and cyclopentane, exhibit nearly identical
evaporator heat transfer areas across the entire supply temperature
range investigated, with deviations within only 0.3 %. This similarity
can be attributed to their comparable thermophysical properties,
including latent heat of vaporization and saturation curve characteris-
tics, which govern phase change behaviour and heat transfer perfor-
mance in the evaporator.

In general, the required evaporator heat transfer area decreases as
the supply temperature increases. This trend is primarily due to the
higher vapor fraction achieved at the evaporator outlet under elevated
supply temperatures, which increases the mean temperature difference
between the heat source and the working fluid during phase change. The
resulting higher thermal driving force reduces the surface area required
to achieve the desired heat duty. Additionally, a higher supply tem-
perature typically shifts the working fluid closer to its saturation tem-
perature at the evaporator inlet, thereby shortening the sensible heating
region and enhancing the overall heat transfer effectiveness.

A summary of the thermodynamic performance indicators for the
various working fluids at 150 °C supply temperature is provided in
Table 8.

3.2. Economic performance

3.2.1. Specific equipment cost

Fig. 12 illustrates the variation in specific equipment costs (SEC) for
the investigated working fluids across the range of supply temperatures.
In general, SEC exhibits an increasing trend with rising supply temper-
ature. This behaviour is primarily driven by the higher pressure ratios
required at elevated supply temperatures, which directly translate into
increased mechanical and material demands for key system components
such as compressors and heat exchangers, thereby elevating overall
capital costs [90]. When comparing the organic Rankine cycle (ORC)
working fluids to the baseline fluid R1336mzz(Z), cyclohexane and
hexane consistently demonstrate higher SEC values throughout the
entire supply temperature range, with the maximum deviation reaching
approximately 9.1 % at a supply temperature of 150 °C. This discrep-
ancy arises mainly from the higher-pressure ratios required by these
linear hydrocarbons at larger temperature lifts, which increase
compressor size and associated costs. Conversely, cyclopentane exhibits
a more moderate SEC profile, comparable to that of R601 and R601a,
with only a slight difference of approximately 1.8 % relative to
R1336mzz(Z). This modest difference is attributed to cyclopentane’s
favourable thermodynamic characteristics, including a steeper satura-
tion vapor curve and lower required superheat, which collectively
reduce the compression work and associated equipment costs.
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Fig. 12. Specific equipment cost as a function of supply temperature.

Fig. 13 provides a detailed breakdown of the contributions of indi-
vidual system components to the overall SEC for cyclopentane at supply
temperatures of 100 °C and 150 °C. The compressor emerges as the
dominant cost driver, accounting for 62.1 % of the total SEC at a supply
temperature of 100 °C, and rising substantially to 74.6 % at 150 °C. This
increase reflects the greater work input and mechanical design re-
quirements necessary to achieve the higher-pressure ratio and temper-
ature lift at elevated supply temperatures. In contrast, the contributions
from the evaporator and the internal heat exchanger (IHX) decrease as
the supply temperature rises. Notably, while the IHX remains the
smallest contributor to total SEC at both temperature levels, the evap-
orator’s contribution shifts from the second-largest component at 100 °C
to the third largest at 150 °C. This reordering aligns with the observed
reduction in evaporator heat transfer area requirements at higher supply
temperatures, as well as with the findings reported by [19], which
highlight the dominant role of the compression process in driving HTHP
system costs under conditions of significant temperature lift.

Hmm Compressor
HEm Condenser
I Evaporator
E (HX

Fig. 13. Percentage bare module cost contribution of the components for
cyclopentane; (a) 100 °C supply temperature (b) 150 °C supply temperature.

Table 8

Performance index at 150 °C supply temperature.
Parameters Working fluids

Cyclohexane Cyclopentane Hexane R601 R601a R1336mzz(Z)

COP (-) 2.50 2.79 2.42 2.71 2.75 2.61
Evaporator pressure (bar) 0.23 0.71 0.37 1.16 1.52 1.21
Condensing pressure (bar) 3.44 8.01 4.98 11.74 14.20 13.31
Condenser HTA (mz) 45.50 42.81 44.15 35.16 35.77 27.77
Evaporator HTA (m?) 27.07 29.90 27.38 29.98 30.24 28.23
IHX HTA (m?) 34.86 18.66 34.93 20.31 18.59 14.13
Mass flowrate (kg/s) 1.73 1.79 1.86 2.01 2.16 4.45
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3.2.2. Specific investment cost (SIC)

Fig. 14 presents the specific investment cost (SIC) of the entire high-
temperature heat pump system as a function of varying cost factors for
the different working fluids at a supply temperature of 150 °C. As
anticipated, the SIC exhibits a positive correlation with increasing cost
factors, with a 30 % rise in the cost factor resulting in an approximate 37
% increase in the overall SIC. This proportional increase reflects the
direct impact of material, fabrication, and installation cost escalations
on the capital expenditure of the heat pump system. Among the working
fluids examined, cyclohexane and hexane consistently yield the highest
SIC values across the entire cost factor range, with a maximum deviation
of approximately 8 % compared to R1336mzz(Z) at a supply tempera-
ture of 150 °C. This elevated investment cost is primarily attributed to
their higher required heat transfer areas and greater compressor costs,
resulting from less favourable thermodynamic properties such as
broader temperature glides and higher-pressure ratios at elevated supply
temperatures.

In contrast, cyclopentane demonstrates SIC values that remain well
within the range of those observed for R601 and R601a. At a supply
temperature of 150 °C, the SIC for cyclopentane differs by only about
1.8 % relative to R1336mzz(Z). This modest variation highlights
cyclopentane’s competitive performance from an economic standpoint,
which can be attributed to its advantageous thermo-physical proper-
ties—specifically, its steep saturation vapor curve and lower superheat
requirement, which help minimize compressor and heat exchanger
costs. Overall, these findings indicate that cyclopentane is a viable
alternative to conventional high-temperature heat pump working fluids,
offering comparable investment costs while maintaining favourable
thermodynamic performance. This economic competitiveness, com-
bined with its moderate specific equipment costs and manageable heat
exchanger requirements, reinforces cyclopentane’s suitability for
advanced ORC and high-temperature heat pump applications.

3.2.3. Discounted payback period

The discounted payback period (DPBP) is a widely applied metric for
evaluating the economic viability and liquidity of capital-intensive
projects such as high-temperature heat pumps (HTHPs) and organic
Rankine cycle (ORC) systems. Unlike the simple payback period, the
DPBP incorporates the time value of money by discounting future cash
inflows, thereby providing a more realistic estimate of the time required
for the cumulative discounted cash flows to recover the initial capital
investment [19,73]. This makes it a preferred indicator for techno-
economic analyses of energy conversion systems where long opera-
tional lifetimes and fluctuating energy prices are relevant
considerations.

150°C supply temperature
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Fig. 14. Specific investment cost as a function of cost factor at 150 °C supply
temperature.
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Fig. 15 illustrates the variation in DPBP for the HTHP system uti-
lizing different working fluids, evaluated over a range of heat and
electricity prices. The results indicate that the DPBP decreases with
increasing heat cost, as higher revenues from heat supply accelerate the
recovery of the initial investment. Conversely, the DPBP increases with
rising electricity costs, as higher operating expenses reduce net cash
inflows, thereby extending the payback period. This observed behaviour
aligns well with findings reported in previous studies [39], confirming
the significant influence of energy price dynamics on the economic
performance of thermally driven systems. Among the fluids studied,
cyclohexane and hexane consistently exhibit higher DPBP values rela-
tive to R1336mzz(Z), with a maximum deviation of approximately 8.7 %
at a supply temperature of 150 °C. This can be attributed to their higher
specific investment costs, driven by larger heat exchanger areas and
increased compressor power requirements, which elevate both capital
and operating costs.

In contrast, cyclopentane demonstrates moderate DPBP values that
remain close to those of R1336mzz(Z). At a supply temperature of
150 °C, the difference between cyclopentane and R1336mzz(Z) is only
about 1.9 %, indicating that cyclopentane maintains competitive
payback performance. This is largely due to its favourable thermody-
namic behaviour, which results in more efficient system operation and
moderate equipment costs. Furthermore, sensitivity analysis reveals that
under scenarios of elevated electricity prices combined with reduced
heat selling prices, the DPBP for cyclohexane and hexane increases more
significantly than for other fluids. This underscores their higher sensi-
tivity to operating cost fluctuations, which can further disadvantage
their economic feasibility in markets with volatile electricity prices.

3.2.4. Net Present Value (NPV)

The net present value (NPV) is a fundamental indicator for evalu-
ating the overall economic viability and profitability of capital-intensive
projects such as high-temperature heat pump (HTHP) systems. Unlike
the discounted payback period (DPBP), which only assesses the time
required to recover the initial investment, the NPV accounts for the
totality of discounted cash flows generated over the entire project life-
time, thereby providing a comprehensive measure of a project’s net
financial benefit. A positive NPV indicates that the project is expected to
generate net economic gains, while a negative NPV implies that the
investment would lead to a financial loss.

Fig. 16 illustrates the variation in NPV for the HTHP system
employing different working fluids under varying heat and electricity
cost scenarios. The results demonstrate that the NPV remains positive
across all working fluids and supply temperatures investigated, con-
firming the economic feasibility of the system configurations within the
assumed economic framework. As expected, the NPV exhibits a positive
correlation with increasing heat selling prices, due to higher revenue
streams, and a negative correlation with rising electricity prices, owing
to increased operational expenditures that erode net profit margins. This
trend is consistent with observations reported in the literature for ORC
and HTHP systems operating under fluctuating energy market condi-
tions. The differences in NPV among the working fluids become more
pronounced under scenarios of elevated electricity prices. Cyclohexane
and hexane consistently yield lower NPV values compared to R1336mzz
(Z), with deviations reaching up to 4.5 %. This reduction can be
attributed to the higher specific investment costs and increased
compression energy demands associated with these fluids, which
amplify sensitivity to electricity price fluctuations and operating costs.

In contrast, cyclopentane exhibits NPV values comparable to those of
R601 and R601a, with only a marginal deviation of approximately 3 %
relative to R1336mzz(Z). This indicates that cyclopentane maintains
robust economic performance across different heat and electricity price
scenarios. Its favourable thermodynamic properties—such as lower su-
perheat requirements and more efficient compression—help contain
capital and operational costs, thereby sustaining higher net profitability
over the project lifetime. Overall, these findings highlight that while all
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working fluids analysed can achieve positive NPV under the given
conditions, the choice of working fluid significantly influences the
sensitivity of the investment’s profitability to energy price fluctuations.
This emphasizes the importance of careful working fluid selection when
optimizing HTHP systems for long-term economic sustainability.

3.2.5. Levelized cost of heat (LCOH)

Fig. 17 depicts the variation in the levelized cost of heat (LCOH) for
the high-temperature heat pump (HTHP) system employing different
working fluids under a range of electricity price scenarios. The LCOH is a
key techno-economic performance metric that represents the average
cost per unit of useful thermal energy delivered by the system over its
operational lifetime, accounting for capital expenditure, operation and
maintenance costs, and energy costs, normalized by the total thermal
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output. The results indicate that the LCOH increases with rising elec-
tricity prices, primarily due to the greater share of electrical input
required to achieve and maintain higher supply temperatures in the
HTHP cycle. Elevated electricity prices directly raise the operational
costs associated with compressor work and auxiliary systems, thereby
driving up the LCOH. This trend aligns with the thermodynamic
behaviour of high-temperature cycles, where higher supply tempera-
tures generally lead to higher pressure ratios and, consequently, greater
electrical energy consumption for compression.

Among the fluids investigated, cyclohexane and hexane consistently
yield higher LCOH values relative to the other working fluids. This can
be attributed to their higher specific investment costs and increased
compressor power requirements, resulting from less favourable thermo-
physical properties such as wider temperature glides and higher
vaporization enthalpy. In contrast, cyclopentane demonstrates moder-
ate LCOH values that remain comparable to those of conventional low-
GWP hydrocarbons, such as pentane (R601) and isopentane (R601a).
This reflects its more advantageous thermodynamic character-
istics—namely, a steeper saturation vapor curve and lower required
superheat—which enable efficient heat transfer and lower compressor
energy demands. Overall, the LCOH values obtained in this analysis,
ranging from 0.04 to 0.125 €/kWh for the selected working fluids, are
consistent with values reported in the literature for comparable high-
temperature heat pump and ORC applications [91-93]. These findings
reinforce the economic competitiveness of cyclopentane relative to
conventional working fluids, highlighting its potential as a technically
viable and economically attractive option for sustainable high-
temperature thermal energy supply.

4. Conclusion
A comprehensive thermo-economic investigation was conducted to

evaluate the feasibility of integrating cyclic hydrocarbons with high
critical temperatures as working fluids in high-temperature heat pump
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(HTHP) systems. The analysis demonstrates that cyclopentane achieves
an enhancement of approximately 7.9 % in the coefficient of perfor-
mance (COP) relative to the reference fluid R1336mzz(Z) at a supply
temperature of 150 °C. However, this improved performance is
accompanied by an increase in compressor discharge temperature of
approximately 21 °C, which imposes additional thermal stress on the
compressor components and places more stringent demands on material
selection, manufacturing tolerances, and thermal management within
the compression stage.

In contrast, R1336mzz(Z) is constrained to supply temperatures near
150 °C primarily due to its subcritical cycle operation at lower pressures
or the need for significant superheating to prevent wet compression,
which can limit system efficiency. The elevated discharge temperatures
observed for the ORC-derived working fluids present additional opera-
tional challenges; for instance, cyclohexane and cyclopentane show
respective increases in discharge temperature of approximately 14 %
and 12.5 % compared to R601a. These higher discharge temperatures
necessitate advanced compressor designs and robust thermal manage-
ment strategies. Hexane, however, demonstrates comparatively mod-
erate discharge temperatures that remain within the operational limits
of conventional reciprocating compressor technologies, rendering it
more technically compatible with current compressor design envelopes
for supply temperatures up to 150 °C.

From a heat exchanger design perspective, the working fluids orig-
inating from ORC applications exhibit a notable increase in condenser
heat transfer surface area requirements—up to 53 % higher than the
baseline—due to their thermophysical properties and temperature glide
characteristics. Conversely, cyclohexane and hexane result in a 14.7 %
reduction in evaporator heat transfer area across the entire range of
supply temperatures studied, which can partially offset increased capital
costs associated with larger condenser sizing.

The economic evaluation revealed that the specific equipment cost
(SEQ) for cyclohexane and hexane can increase by up to 9.1 % relative to
R1336mzz(Z), particularly at elevated supply temperatures where
higher pressure ratios and larger heat exchanger areas are required.
Cyclopentane, however, demonstrates a minimal increase in
SEC—within 2 % compared to R1336mzz(Z)—underscoring its balanced
trade-off between thermodynamic performance and capital cost. A
similar trend is reflected in the discounted payback period (DPBP),
where cyclohexane and hexane exhibit increase of up to 8.7 %, while
cyclopentane remains within a 2 % deviation relative to the reference
fluid at a supply temperature of 150 °C.

A detailed breakdown of component cost contributions reveals that
the compressor is the dominant cost driver for the HTHP system, ac-
counting for up to 74.6 % of total equipment cost for cyclopentane at a
150 °C supply temperature. This highlights the critical need to focus
technological improvements on compressor efficiency and materials
capable of withstanding elevated discharge temperatures and pressure
ratios. The levelized cost of heat (LCOH) computed in this study, ranging
from 0.04 to 0.125 €/kWh for the working fluids investigated, aligns
well with previously published values by Vieren et al. [92] and Gilbert
et al. [91], corroborating the economic competitiveness of these alter-
native fluids for industrial process heat applications.

While the high critical temperatures of these ORC-derived working
fluids offer clear advantages for extending HTHP operating ranges into
higher temperature process heat markets, certain thermodynamic and
techno-economic trade-offs must be addressed. Specifically, with cur-
rent reciprocating compressor technologies, the practical upper limit for
cyclohexane and cyclopentane is projected to be approximately 140 °C
to ensure reliable compressor operation without excessive discharge
temperatures. Hexane emerges as the most suitable ORC-derived
working fluid among those evaluated, with thermal and operational
characteristics that are well-matched to existing compressor capabilities
for supply temperatures up to 150 °C.

Overall, cyclopentane demonstrates strong potential for integration
into HTHP systems, combining favourable thermodynamic performance
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(higher COP) with specific equipment costs and economic payback
metrics that are competitive with established working fluids. This po-
sitions cyclopentane as a promising candidate for advancing the
replacement of fossil-fuel-based boilers with high-efficiency, low-carbon
heat pump technologies in industrial sectors such as metal processing,
paper production, and the chemical industry.

Nevertheless, this study underscores the need for further targeted
research to address remaining technical barriers, particularly concern-
ing the compatibility of these ORC-derived working fluids with current
compressor technologies, lubricant formulations, and sealing systems
capable of withstanding elevated suction and discharge temperatures. In
addition, comprehensive life-cycle assessments are recommended to
fully quantify the environmental impacts and potential sustainability
trade-offs associated with deploying these fluids at scale in industrial
high-temperature heat pump applications. A limitation of this study is
the simplified assumption that the working fluid is always on the tube
side for both evaporation and condensation. This ensures consistent
sizing and reliable modelling but does not reflect typical industrial
practice, where shell-side phase change is often used to handle larger
flows and ease maintenance. Future work should address this by
exploring alternative heat exchanger configurations—such as shell-side
arrangements, plate, or compact heat exchangers—to refine the techno-
economic assessment and better represent real-world system design.
Finaly, this study assumes the use of a screw compressor, which inher-
ently defines a practical system scale. Screw compressors are positive
displacement machines suited for moderate volumetric flow rates and
pressure ratios, typically covering thermal outputs from several tens of
kilowatts up to about 1-2 MW, depending on the working fluid and
operating conditions. As such, the results are valid within this range and
should not be extrapolated to larger or smaller capacities without
reassessing the choice of compressor technology.
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