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ARTICLE INFO ABSTRACT

Handling editor: Yunho Hwang This paper presents the investigation of zeotropic binary fluid mixtures containing cyclohexane (critical tem-

perature above 200 °C) as the base fluid with R600, R600a, R601, R601a, R1336mzz(Z), R1234ze(Z), R1233zd

Keywords: (E) and cyclopropane (critical temperatures between 100 °C and 200 °C). For pure components and their mix-
Vapor compression tures, the performance of the vapor compression system with an internal heat exchanger was analysed at 50 °C
Heat pump . and 80 °C heat source and sink inlet, respectively. Variation of the heat source temperature difference and the
Hexamethyldisiloxane . . . . o

Cyclopropane internal heat exchanger pinch point temperature difference at supply temperatures (140-170 °C) were also
Cyclohexane investigated. A pinch point temperature difference of 5 K was maintained for the evaporator and condenser. An
Temperature glide increase of 6.59 % in COP was obtained with the zeotropic mixture of cyclohexane/cyclopropane compared to
Exergy that of pure cyclopropane. The design point analysis showed that increasing the heat source temperature dif-

cop ference and internal heat exchanger pinch point temperature difference reduces the COP. The adopted mixture
Zeotropic mixtures criteria increased the performance between 3.23 % and 3.91 % with respect to standard working fluids like
R1233zd(E) and R601, for a 170 °C supply temperature. With this promising thermodynamic analysis in a
subcritical operation, the cyclohexane/cyclopropane mixture has prospect of full integration heat pump design.

1. Introduction

Thermal energy is one form of energy with increasing need cutting
across virtually all sectors of the economy. Its application include; space
heating and hot water supply in buildings [1-5], drying, pasteurization
as well as distillation [6]. It has been estimated that about two thirds of
the energy consumption in the EU is in the form of heat and electricity
[7]. The use of heat pumps is a very efficient means of providing this
much needed heat. Its major advantage stems from its ability to utilize
heat from various heat sources, which include waste heat from in-
dustries [3,7-10] and geothermal resources [11,12].

Various heat pump configurations have been studied in literature.
They include a simple vapor compression system [13,14], vapor
compression with internal heat exchanger [15], turbo compressor and
thermal vapor recompression [16], cascaded systems [17,18], double
source heat pumps [19] and recuperative air water heat pumps (RAWP)
[20]. While system configuration plays an important role in perfor-
mance [21], working fluid selection is also a key factor [22]. Recent

studies focus on improving the performance of heat pumps while
avoiding negative environmental impacts associated with the use of
certain working fluids. A fundamental step towards a proper heat pump
design is the selection of the right working fluid suitable for the intended
application. For high temperature applications, the critical temperature
and pressure of the working fluids must be put into consideration. For
low temperature applications, fluids with low boiling point and critical
temperatures like R290 and CO», have been studied by a number of
researchers [8,20,23-26].

Due to environmental factors, natural working fluids like hydrocar-
bons have taken over the research space as possible replacement for
synthetic working fluids like fluorinated hydrocarbons with known
environmental impacts in recent times [27]. Among the hydrocarbons
investigated for supply temperatures slightly above 100 °C are R600 [8,
21,27,28], R601 [20], R601a [20] and R600a [21,23]. Hydrocarbons
generally have zero ozone layer depletion potential (ODP) and a negli-
gible global warming potential (GWP). Nevertheless, due to their good
compliance to environmental restrictions and performance, novel
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synthetic fluids such as R1336mzz(Z), R1234ze(Z) and R1233zd(E) are
still relevant in heat pump research [21,29,30].

Research has shown that zeotropic mixtures improve the efficiency
of thermodynamic cycles like heat pumps and organic Rankine cycles
(ORCQ). The increase in performance associated with the use of zeotropic
mixtures is linked to their temperature glide during phase change in the
heat exchanger [23,31,32]. To attain this potential increase in perfor-
mance, a mixture composition with suitable temperature glide matching
must be identified along with other factors [23]. The findings of Sun
et al. [33], for supply temperatures up to 72 °C on a single-stage
compression air-source heat pump, showed that mixtures perform bet-
ter only with good temperature glide matching. Fernandez-Moreno et al.
[28] showed that the blend of R1233zd(E) and R1336mzz(Z) was the
most promising among several studied mixtures. For 130 °C supply
temperature, the results of Deng et al. [34] gave a COP of 2.74 using
NBY-1 (a mixture they developed). Xu et al. [35] investigated selected
binary mixtures for 100 °C supply temperature increasing the COP of
R245 by 9.51 % using its mixture named HG-1. Sun et al. [36] investi-
gated different zeotropic fluid mixtures on a recuperative heat pump
system to obtain a better temperature matching between the heat
transfer fluid and working fluid, which the authors identified as the basis
for improvement of the system performance. Thermodynamic analysis
was conducted on eight heat pump configurations by Dai et al. [31] with
the purpose of identifying good temperature glide matching. They
concluded that the dual pressure configuration gives the best perfor-
mance with good temperature glide, resulting in 3.37-9.34 % increase in
COP. These researches show that irrespective of the plant configuration,
a good temperature glide match must be identified for improved per-
formance. Details regarding the investigated zeotropic mixtures, with
configurations related to the vapor compression cycle, can be seen in
Table 1. Additionally, relevant boundary conditions like supply and heat
source temperatures also listed.

The current focus in heat pump research is on developing heat pumps
capable of supplying temperatures higher than 130 °C. This is with the
potential of serving as a viable replacement for industrial boilers [44].
However, hydrocarbons like hexane, cyclohexane and siloxanes, with
high critical temperatures above 200 °C are scarcely investigated for
high-temperature heat pump applications. In analogy to ORC applica-
tions, these high critical temperature fluids must be fully considered if
the need for high temperature supply will be met. When utilized for low
and medium temperature heat sources, these high critical temperature
fluids are faced with the issue of very low evaporation pressure. This is a
safety issue that must be considered when these fluids are used. This
study addresses the gap in literature concerning the exploration of
boundary conditions. Its objective is to enhance the efficiency of
high-temperature heat pumps, specifically for delivery temperatures
reaching up to 170 °C. This improvement is pursued through the utili-
zation of either a pure working fluid or a combination of fluids with high
and medium critical temperatures, falling within the range of
100 °C-200 °C. The novelty of this study lies in the investigation of high
supply temperatures in the range of 140 °C and 170 °C. Also, cyclo-
propane, cyclopentane, hexamethyldisiloxane (MM) and their mixtures
are yet to be investigated as working fluids in heat pumps. To meet the
need for high temperature supplies, 11 working fluids have been pre-
selected for this study. The vapor compression configuration with in-
ternal heat exchanger has been employed for better performance. A
process simulation software is employed to simulate the entire ther-
modynamic cycle and the obtained results are correlated with findings
in literature. Hence this study aims to answer the following research
questions.

e Are ORC pure working fluids like siloxanes applicable to high tem-
perature heat pumps?

e To what percentage can zeotropic mixtures better the COP of HTHP?

e How does the composition of these mixtures affect the exergy per-
formance of HTHP?

Table 1
Investigated mixtures in literature.
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Reference Working fluids

(mixtures)

Method

Source Supply
Temp Temp
(°C) °Q)

Gémez-
Herndndez
et al. [37]

Navarro- R1233zd(E)/

Esbri et al. R1336mzz(Z),

[38] R1233zd(E)/
R1234ze(Z)
R1233zd(E)/R601,
R1234ze(Z)/
R1336mzz(Z)
R1234ze(Z)/R601,
R1336mzz(Z)/R601

Zhang et al. BY-5
[39]

Yan et al. DME/R134a,

[40] R152a/R1311,
R290/R236fa,
R290/R236ea,
R600/R134a, R600/
R152a
R600a/R134,
R600a/R152a,
R600a/R236fa,
R600a/R245fa,
R245fa/R600,
R13I1/R134,
R1311/R290,
R1311/R1234ze(E),
R1234ze(Z)/R134,
R1234ze(Z)/R600a
R245fa/R1233zd(E),
R245fa/R142b,
R245fa/R152a,
R245fa/R161,
R245fa/R236fa,
R245fa/R600,
R245fa/R600a
R600/R245fa

COy/acetone

Xu et al. [35]

Pan et al.
[41]
Wuetal. [20] propylene/R601a,
propane/R601a,
propylene/R601,
propylene/hexane,
propane/hexane
Fernandez- R-515B
Moreno
et al. [28]
Kristensen
et al. [42]

propylene/R600a,
propylene/R600,
propane/R600, COy/
propane, dimethyl
ether/Isopentane
CO2/dimethyl ether,
dimethyl ether/
R601a, dimethyl
ether/R600, CO2/
dimethyl ether,
Ethane/propane,
propylene/R600,
ethane/propylene,
propylene/R600,
propane/R600,
dimethyl ether/
R601, dimethyl
ether/R601a
dimethyl ether/R744

Ziihlsdorf
et al. [23]

Zhang et al.
[43]
Daietal. [26]  CO,/R32, CO,/R41,
C0,/1270, COy/
R290, CO,/R161,

CO,/RE170, COy/

Theoretical

Theoretical

Experiment

Theoretical

Experiment

Experiment
and

Theoretical
Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

130 150-220

70 140

70-80 110-130

20 70-110

45-65 80-100

30-55 60-100

15 15-90

7.5-22.5 55-85

40 85

40 80

20 65

30 60

(continued on next page)
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Table 1 (continued)

Reference Working fluids Method Source Supply
(mixtures) Temp Temp
°0) °0)
R152a, COy/
R1234yf
CO2/R1234zeE,
CO2/R134a

e To what degree do the operating parameters affect the performance
of HTHP?

2. Methods
2.1. HTHP model

The vapor compression cycle with internal heat exchanger (IHX), is
utilized for this study. The configuration as presented in Fig. 1, is made
up of five components; condenser, evaporator, compressor, expansion
valve and internal heat exchanger (IHX). The modelling and analysis of
the cycle configuration was done using the Aspen Plus V12.1 version
[45,46]. The state of the fluid at the various points was calculated by the
software using the REFPROP fluid property data base [47]. The
condenser is modelled to be an all in one component, to take care of
desuperheating, condensing and subcooling requirements of the cycle.
The boundary conditions and input parameters are presented in Table 2.
The heat source and sink were modelled as pressurised water, to keep
the water in liquid state. The evaporation and condensation pressures
were calculated at an evaporator and condenser minimum pinch point
temperature difference (ATpp) of 5 K. The mass flow rate of the working
fluid was calculated for a condenser heat duty of 20 kW. Neglecting any
form of losses, energy and mass balances were calculated for the com-
ponents based on first and second law of thermodynamics using the
simulation software packages for the various components (see section
2.3)

The working principle of the modelled cycle is shown in the flow and
T,s-diagram in Fig. 1. Heat is transferred to the working fluid from the
heat source to completely evaporate it to saturated vapor state as it
leaves the evaporator at point 1. Flowing through the internal heat
exchanger (IHX) it is heated to a superheated state at point 2 by the
returning fluid from the condenser. The compressor then forces the fluid
to a high pressure at point 3. In the condenser, the fluid is desuperheated
to the saturated vapor state at point 4, condensed to the saturated liquid
state at point 5 and then subcooled to point 6, while transferring heat to
the heat sink. The fluid is further subcooled in the IHX to point 7
transferring heat to the other section of the IHX. With the help of the
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Table 2
Boundary conditions and model input.
Parameters Constant Range
value
Heat source inlet temperature 50 °C
Heat source outlet temperature 45°C
Heat source glide 5K 5-20K
Heat sink inlet temperature 80 °C
Heat sink outlet temperature 140-170 °C
Heat source pressure 5 bar
Heat sink pressure 15 bar
Mole fraction (varied in 10 % steps) 0-1
Evaporator minimum pinch point temperature 5K
difference
Condenser minimum pinch point temperature 5K
difference
IHX minimum pinch point temperature difference 10K 10-30 K
Degree of subcooling at condenser 10°C

expander, the fluid is expanded back to its low pressure and temperature
at point 8 before entering the evaporator for a continuous cycle. Fig. 2
presents the flow chat that summarizes the methodology of the study.

2.1.1. HTHP simulation in Aspen Plus

The selected model blocks for the various components as presented
in Table 4 are connected with streams to depict the vapor-compression
heat pump cycle as seen in Fig. 1. The Heatx block used for the heat
exchangers has one degree of freedom where the degree of subcooling,
vapor fraction at the cold side outlet and degree of superheating on the
cold side of 10 °C, 1 and 10 K was specified for the condenser, evapo-
rator and IHX respectively. Also, with the help of the built-in zone
analysis feature, the heat exchangers were divided into 100 zones to
enable a more accurate calculation of the minimum pinch temperature
difference. For the expansion valve and isentropic compressor blocks,
with one degree of freedom each, estimated exit pressures were pro-
vided. Using the design specification function, block input variables
were manipulated to obtain the desired boundary conditions presented
in Table 2, with a tolerance error of 0.01.

2.2. Source and supply temperature selection

A range of 140-170 °C supply temperature was selected for this
study. This range of supply temperature covers the required temperature
of process heat for a wide range of applications in the metal, paper,
chemical and food industries [48]. Also, high-temperature heat pumps
with supply temperatures between 90 and 130 °C are already available
in the market [22,49]. To provide heat at temperatures higher than
130 °C, novel concepts and working fluids must be investigated. Heat

CONDENSER
SINKIN
5 4

sl diirstucnncid Cyclohexane/cyclopropane (0.9/0.1)
6 8250 80/170°C inlet/outlet Supply temperatures
o_ 50/45°C inlet/outlet source temperatures
@ 200,
B
2
@ 150,
E .
2
E 100,
7
(]
EXPANSION 1 - 50
VALVE '
8 oo
w —— @ 0,50 0,00 0,50 10 15
EVAPORATOR Entropy (kJIkg-K)

Fig. 1. Principle plant scheme of a heat pump flow (left side) and corresponding T,s-diagram (right side) for a zeotropic mixture as working fluid.
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Fig. 2. Methodology flow chat.

source at 50 °C is typical for industrial waste heat recovery and
medium-depth geothermal resources, which are the main sources of heat
suitable for the integration of HTHPs in industrial applications. As
alternative energy sources, these heat sources are noted for their major
role in increasing energy efficiency and sustainability [50-52].

2.3. Working fluid selection

With the aim of providing high temperatures between 140 °C and
170 °C, two categories of potential fluids were selected. Hexame-
thyldisiloxane (MM), cyclohexane and cyclopentane (high critical

temperatures above 200 °C), were considered as the base constituent of
all the mixtures studied. The application of this class of substances is one
of the novel aspects of this study. The second category of mixture
components comprised four hydrocarbons and three synthetic fluids
with critical temperatures between 100 °C and 200 °C. These pure fluids
are chosen according to existing literature. Table 3 presents the ther-
modynamic properties including ozone depletion potential (ODP),
global warming potential (GWP), normal boiling point (NBP), critical
temperature (CT), critical pressure (CP) and safety class of the selected
fluids. The ODP and GWP of the fluids were obtained according to the
Intergovernmental Panel on Climate Change (IPCC) fourth assessment

Table 3

Properties of selected fluids.
Fluids Type oDP GWP (100-yr) NBP (°C) CT (°C) CP (bar) Safety Class
Hexamethyldisiloxane (MM) Siloxane - n.a, 100.0 245.6 19.3 n.a.
Cyclohexane HC 0 n.a. 80.7 280.7 40.8 A3
Cyclopentane HC 0 n.a. 49.3 238.6 45.1 A3
Butane (R600) HC 0 <1 -0.5 152.0 38.0 A3
Isobutane (R600a) HC 0 <1 -11.7 134.7 36.4 A3
Pentane (R601) HC 0 <1 36.1 196.6 33.6 A3
Isopentane (R601a) HC 0 <1 27.7 187.8 33.8 A3
Cyclopropane HC 0 86 —-32.8 124.9 55.4 A3
R1336mzz(Z) HFO 0 2 37.4 171.3 29.0 Al
R1234ze(Z) HFO 0 6 9.4 150.1 35.3 A2L
R1233zd(E) HCFO 0.00034 1 17.9 165.5 35.7 Al
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report and the 2022 scientific assessment on ozone depletion report of
World Meteorological Organization (WMO). [53,54], while the other
properties were obtained from REFPROP version 10 data base [47].

2.3.1. Working fluid selection criteria

The choice of working fluids is informed by a few factors which cut
across environmental, safety and application factors. The environmental
factors considered are the ozone depletion potential (ODP) and global
warming potential (GWP), while the safety class covers the toxicity and
flammability of the fluids. In numerous publications fluid selection for
low and high temperature ORC systems has been conducted. In parallel
to heat pumps, refrigerants like HFCs or natural hydrocarbons are
limited to certain process temperatures [55-57]. For high temperature
applications long-chained hydrocarbons or siloxanes are more suitable
[58-60]. Regarding mixtures, previous studies have already proven the
potential increase of efficiency for heat pump and ORC systems with a
good glide match at phase change. This study intends to apply the
analogy of fluid selection in organic Rankine cycle (ORC) to heat pumps.
Thus, the criteria for the fluid selection is summarized.

e GWP < 100 and very low ODP.

e Critical temperatures: medium CT (100°C < x >200°C), high CT (>
200°0).

e Fluids already applied to medium and high temperature ORC.

2.4. Energy and exergy analysis

Mass and energy balances were performed for the various compo-
nents by the Aspen Plus simulation software using built in thermody-
namic models for the selected component packages. The chosen model
blocks in the simulation software are presented in Table 4.

The coefficient of performance (COP) of the system is given as

COP= QCrmd/WComp (1)

where Qcong is the heat transferred in the condenser and Weomp, is the
required compressor power. The heat transferred in the condenser is
calculated from the state points of the system and it is as

chmd :m(hB - hﬁ) (2)

where m is the mass flow rate of the system, h3 and hg are the enthalpy at
point 3 and 6, respectively. Also, the required electric power input to the
compressor is given as

Weomp = 1t(hzs — hz) / Mis @)

hs; is the isentropic enthalpy at point 3 and 7, is the isentropic efficiency
of the compressor, which is chosen to be 72 %. The chosen isentropic
efficiency is the default compressor isentropic efficiency in Aspen plus
and it falls within the range of published testing results [8].

The importance of exergy analysis in high-temperature heat pump
design cannot be undermined. This is because optimizing the compo-

Table 4
Selected model blocks.
Components Model blocks ~ Thermodynamic Reason
model
Evaporator, HeatX Q= me, AT Calculates the required
IHX and duty surface area and
condenser heat transfer coefficients
in the counter-current
direction.
Compressor Isentropic Ns(hs — hg) = Calculates the required
compressor (hss — h2) power for isentropic
compression
Expansion Valve block Ah =0 Calculates pressure drop
valve
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nents of the system is largely dependent on how much the exergy
destruction in that component is reduced. For a system with many
components, the exergy destruction is the sum of the exergy destruction
in individual components of the system [61]. Thus, total exergy
destruction is given as

Cd(toral) = Cd(Evap) T €a(itix) + €d(Comp) + €d(Cona) T+ Ca(Exp) ()]

The exergy destruction is a function of flow exergy which is the
difference in terms of the availability of flow of a stream in comparison
to its dead state given as;

eg=(h—T,s)— (hy — T,$,) 5)

Combining the flow exergy equation with energy balance equation,
the exergy destruction for the various components is deduced and pre-
sented in Table 5. my, and my represent the mass flowrate at the source
and sink, respectively.

3. Validation of model

For validation purposes, the applied model is adapted to literature
scenarios in order to ascertain the level of accuracy and stable perfor-
mance. Tables 6 and 7 present the validation of the developed model
with existing results, both for pure fluids and mixtures. Bamigbetan et al.
[6] modelled a heat pump with 60 °C heat source temperature, 80 °C
heat sink inlet temperature and 100 °C heat sink outlet temperature. The
working fluids were superheated by 10-15 K at the evaporator and the
system has a capacity of 20 kW. By Ziihlsdorf et al. [23], the heat ex-
changers were modelled to have a minimum pinch temperature differ-
ence of 5 K, heat sink inlet and outlet temperatures of 40 °C and 80 °C
respectively and a minimum superheating of 5 K at the evaporator. The
heat source outlet temperatures are 35 °C for R600, R600a and R601;
25 °C for 30%R1270-70%R600, 30%R290-70%R600, and 80%
RE170-20%R601a; 20 °C for R601a and 30%RE170-70%R601. It can be
seen that the relative mean deviation is below 2.12 % for all considered
cases. This proves the sufficient accuracy of the applied simulation
model.

4. Results and discussion

This section presents the findings on the investigated fluid mixtures.
The performance of the pure fluids is first analysed and compared. The
performance of the mixtures of the three high critical temperature fluids
with R601a is evaluated and best performing high critical temperature
fluid selected for further analysis. The effect of various operating pa-
rameters is also investigated and presented in this section.

4.1. Performance of pure fluids

The COP and pressure ratio as a function of supply temperature for
the pure fluids are presented in Fig. 3. Cyclohexane shows the highest
performance among the high critical temperature fluids. For the lower
critical temperature fluids, cyclopropane leads to the highest COP. For
supply temperatures above 150 °C, cyclopropane records a 1.82 %
higher COP than cyclohexane. With the low critical temperature limi-
tation of cyclopropane, such high supply temperatures can only be

Table 5
Expression for exergy destruction in the various components.

Component Exergy destruction equation

Evaporator €d(evap) = TM(EXs — EX1) + Mo (EXo — EX10)
IHX equx) = M(EX) — EXp) + m(EXs — EX7)
Compressor €d(comp) = Weomp — M(EX3 — EX3)

edieond) = M(EX3 — egs) + mg(EX11 — EX12)
eqmp) = m(EX; — EXg)

Condenser

Expansion valve
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Table 6
Model validation for pure fluids.

Fluid COP Relative mean deviation (%)

Previous Studies ~ Present Model

R600 5.38 [23] 5.33 0.93
3.3 [6] 3.23 2.12
R600a 5.34 [23] 5.31 0.56
3.0 [6] 3.03 1.0
R601 4.91 [23] 4.88 0.61
3.4 [6] 3.44 1.17
R601a 4.41 [23] 4,36 1.13
3.4 [6] 3.39 0.3
R1336mzz 3.3 [6] 3.26 1.21
(2)
R1234ze(Z) 3.4 [6] 3.45 1.47
R1233zd(E) 3.4 [6] 3.47 2.06
Table 7

Model validation for mixtures.

Mixtures COP Relative mean deviation
. (%)
Previous Present
Studies Model
30%R1270-70% 5.40 [23] 5.41 0.19
R600
30%R290-70% 5.38 [23] 5.42 0.74
R600
80%RE170-20% 5.31 [23] 5.35 0.75
R601a
30%RE170-70% 5.24 [23] 5.15 1.72
R601
5 ) 45
80°C supply inlet - R600
59 . ) R600a
’ 50/45°C source inlet/outlet R601
N\ R601a - 40
N < R1366mzz(2)
=} R1234ze(2)
31 - R12332d(E) - 35 ~
:::Cyclopropane n:"
_._Cyclopenlane <N
=} MM
=2 9~ Cyclohexane | 1302
x i)
=
829— 125 @
e 2 5
2,8 3
<
115
2,74
/52 410
— e — T \.
2,6 — - —
45

T T T T T T T
140 145 150 155 160 165 170
Suppy temperature (°C)

Fig. 3. COP of pure fluids depending on supply temperature.

achieved in supercritical operations. MM is seen to be the least per-
forming fluid with a COP of about 2.5 at a supply temperature of 170 °C.

One other major issue with the use of MM is its high pressure-ratio as
seen also from Fig. 3, which is actually a major contributor to its lower
performance in comparison to other fluids. The compressor heat pump
with MM as working fluid must be able to compress the fluid over a
pressure ratio of 30 for 170 °C supply temperature. However, for such a
high pressure ratio, multi-stage compression is required, thus incurring
higher equipment cost. Cyclopentane shows good prospects among the
higher critical temperature fluids with its COP slightly lower than that of
cyclohexane.
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4.2. Performance of mixtures

4.2.1. COP as a function of mixture composition

COP as a function of mole fraction for the mixtures of the high critical
temperature fluids with R601a is presented in Fig. 4. The graphs clearly
show that the mole fraction of the fluids affects the system performance.
From the obtained result for MM mixtures, the COP obtained for the
different mole fractions is less than that for pure MM. This shows that
MM does not have suitable temperature glide matching in the heat
exchanger with the considered fluids. For cyclopentane mixtures, higher
COPs are clearly seen especially at higher mole fraction of cyclopentane
indicating a suitable temperature glide matching in the heat exchanger.
1.42 % increase in COP is recorded at 0.8 mol fraction of cyclopentane
for this mixture. A higher performance is recorded, however, by the
cyclohexane mixture, with a 2.85 % increase in COP compared to pure
cyclohexane. The disparity in the curves of cyclohexane/R601a and
cyclopentane/R601a is due to the difference in the evaporation and
condensation temperature glide of these mixtures. Cyclohexane/R601a
has a much higher evaporation temperature glide compared to cyclo-
pentane/R601a. Higher temperature glide during phase changes in-
dicates a high mismatch of the mixture composition in the heat
exchanger [23]. Due to the relatively lower temperature glide
throughout the composition of cyclopentane/R601a, a smooth curve is
observed with no minimum, indicating a good match throughout the
compositions, but no competitive COP increase compared to Cyclo-
hexane/R601a. With good glide matching obtained for cyclohexane, it
will be selected for further analysis as the base fluid in the mixture with
other lower critical temperature fluids.

More comprehensive simulation results for the mixture of cyclo-
hexane and lower critical temperature fluids depending on the mole
fraction are presented in Fig. 5 for the case of 140 °C supply tempera-
ture. A repetition of the performance increase can be seen for mixtures of
cyclohexane with lower critical temperature fluids. The highest perfor-
mance is evidently at 0.9 mol fraction of cyclohexane for all the mix-
tures. A COP of 3.34 is recorded by the cyclohexane/cyclopropane
mixture, which accounts for a 5.23, 6.88, 7.71 and 7.74 % increase from

3,3

80/140°C inlet/outlet supply temperatures
50/45°C inlet/outlet source temperatures

3,2

A

—@&— Cyclopentane/R601a
—ill— MM/R601a
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(&)

3,0

2,9

T E T ¥ T ¥ T ] T . T
0,0 0,2 0,4 0,6 0,8 1,0
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Fig. 4. COP for high critical temperature fluid mixtures with R601a.



E. Obika et al.

3,4 140 °C Supply temperature
3,2
3,01
S
o
o}
O 238
2 6 N +Cyclohexaneleclopropane
’ —— Cyclohexane/R1234ze(2)
=@~ Cyclohexane/R600a
{=P— Cyclohexane/R1233zd(E)
=l Cyclohexane/R600
2,4 ~@~ Cyclohexane/R1336mzz(Z)
Cyclohexne/R601a
Cyclohexane/R601

0,0 0,2 0,4 0,6 0,8 1,0
Mole fraction of cyclohexane
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the COP of pure cyclohexane, cyclopropane, R1233zd(E) and R601a
respectively. The mixtures of R601, R1336mzz(Z) and R601a should be
noted for their generally sufficient temperature glide matching. The
temperature glide of the mixtures in the heat exchangers are discussed in
section 4.3. Every mole fraction of these three mixtures has COP higher
than those of its pure fluid constituent. For the other fluid mixtures,
composition with insufficient temperature glide matching can be clearly
seen with lower COPs.

4.2.2. Temperature glide matching as a function of mixture composition

Unlike pure fluids, the evaporation and condensation of zeotropic
mixtures occur in a temperature glide. Fig. 6 presents the graph of
evaporation temperature glide as a function of mole fraction for the
various mixtures.

The evaporation temperature glide as a function of mole fraction is
presented in Fig. 6. It illustrates the nature of the temperature glide
matching of the mixtures at the evaporator. As the temperature glide

(~l— Cyclohexane/R600

(@~ Cyclohexane/R600a

- Cyclohexane/R601

(=9 Cyclohexne/R601a

—@— Cyclohexane/R1336mzz(2)
(= Cyclohexane/R1234ze(Z)
(== Cyclohexane/R1233zd(E)
I—@— Cyclohexane/Cyclopropane

C
2

o))
o
1

N
)
1

— N w
o (=) o
1 | 1

Evaporation temperature glide (°
o

0,0 0,2 0,4 0,6 0.8 1,0
Mole fraction of cyclohexane

Fig. 6. Evaporation temperature glide as a function of mole fraction.
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deviates from the temperature difference of the heat source, the increase
in efficiency becomes less pronounced. This is typical for the case of
cyclohexane/cyclopropane, cyclohexane/R600a, cyclohexane/R600
and cyclohexane/R1234ze(Z) mixtures with high evaporation temper-
ature glides. However, it can also be said for the design conditions that
mixture compositions with evaporation temperature glide around 10 °C
exhibit a more pronounced COP increase. The heat exchangers at the
heat source and sink gives us a clear picture of the nature of the tem-
perature glide match of a mixture [23]. Fig. 7 presents the heat transfer
curves at the evaporator and condenser for two compositions of cyclo-
hexane/cyclopropane mixture at 140 °C supply temperature. For the
cyclohexane/cyclopropane (0.9/0.1) mixture, a more suitable glide
match is seen at the evaporator than in the condenser, with the two
curves very close to each other. This explains the reduced exergy
destruction of 0.25 kW at the evaporator compared to 0.77 kW at the
condenser.

In the case of the cyclohexane/cyclopropane (0.2/0.8) mixture both
the evaporator and condenser record a less sufficient temperature glide
match, leading to increased irreversibility (exergy destruction), in this
case 34.4 % and 11.8 % higher than that of cyclohexane/cyclopropane
(0.9/0.1) mixture for the evaporator and condenser respectively. Similar
trends are also seen across the mixtures and supply temperatures, which
goes to prove the importance of exergy analysis in thermodynamic
systems [62].

4.2.3. Evaporation temperature as a function of mixture composition

One of the main thermodynamic issues with the use of cyclohexane
as a pure working fluid for low temperature heat sources is its high
normal boiling point, which results in a low evaporation pressure. Very
low evaporation pressures lead to safety concerns especially for flam-
mable fluids [6]. From Fig. 8, the evaporation pressure is seen to in-
crease with the addition of the lower boiling point fluids. With just 0.1
mol fraction of the lower boiling point fluids, the evaporation pressure
increases beyond 0.3 bar, which has already been reported in existing
systems. With these increasing evaporation pressure effect, the flam-
mability of HFO-mixtures like that of R1233zd(E) might be suppressed
[63].

4.2.4. Critical temperature and pressure as a function of mixture
composition

For a higher supply temperature, the critical temperature and pres-
sure of working fluids are of outmost importance to avoid supercritical
operations. Fig. 9 shows the critical temperature and pressure as a
function of mole fraction. The presence of high critical temperature
fluids like cyclohexane makes it possible for lower critical temperature
fluids such as R600a (with a critical temperature less than 140 °C) to
attain a mixture with a critical temperature as high as 250 °C. For other
considered fluids like R601 (with 196 °C critical temperature), mixtures
with critical temperatures as high as 270 °C were obtained. With these
obtained high critical temperatures, the supply temperature considered
in this work, falls within the subcritical operation, as seen in Fig. 9. This
same trend is also for the critical pressure. However, with cyclopropane
having a higher critical pressure than cyclohexane it can be seen that
cyclohexane/cyclopropane mixtures lead to a higher critical pressure
than that of pure hexane. These obtained critical pressures are above the
pressures considered in this study (see Fig. 10).

4.3. Influence of operating parameters

4.3.1. Effect of supply temperature on COP

The COP for the zeotropic mixtures of cyclohexane as a function of
mole fraction and selected supply temperatures between 140 °C and
170 °C are presented in Fig. 11. Mixtures with suitable temperature glide
matching in the heat exchanger are seen with higher COPs relative to the
pure fluids. For the mixtures of R601, R1336mzz(Z), R60la and
R1233zd(E), COP graphs with two peaks are seen. This graph pattern is
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Fig. 7. Temperature-enthalpy flow-diagram for cyclohexane/cyclopropane mixtures at 140 °C supply temperature.
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similar to those obtained in other studies [20,23,24,42]. For the other
fluid mixtures, a decreasing trend can be seen at the initial addition of
cyclohexane. This sharp decrease is even more pronounced for the
cyclopropane mixture which is actually the fluid with the lowest boiling
point and consequently highest critical temperature difference from
cyclohexane. The highest COP obtainable by the mixtures remained
consistent at the mole fraction of 0.9 cyclohexane, across all the supply
temperatures considered. The obvious dominance of the higher critical
temperature fluid for high COP is consistent with the result obtained in
previous studies [23,28,42]. Cyclohexane/R1234ze(Z) is seen to be
higher in efficiency than other HFO-mixtures, with that of cyclo-
hexane/R1233zd(E) closely following. The most efficient mixture is
cyclohexane/cyclopropane (0.9/0.1), with COP between 3.34 and 2.81
for supply temperatures between 140 and 170 °C. This actually
increased the COP of pure cyclohexane and cyclopropane by 5.36 % and
7.05 % respectively for 140 °C supply temperature. However, the least
performing mixture, cyclohexane/R601 also recorded an increase of
2.71 % and 4.69 % in COP from that of pure cyclohexane and R601
respectively.

4.3.2. Effect of supply temperature on compressor suction and discharge
temperatures

The effect of high supply temperature is a challenge for the
compressor components [6], due to the fact that the highest temperature
in the cycle is recorded at the exit of the compressor. Hence this tem-
perature is a design criterion that must be put into consideration in the
design of compressors for different supply temperatures. Fig. 12 shows
the compressor discharge and suction temperature as a function of
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supply temperature at 0.9 mol fraction of cyclohexane. The

as function of supply temperature.

cyclohexane/R601 mixture recorded the highest discharge temperature
of 213.86 °C and 184.21 °C for 170 °C and 140 °C supply temperatures,
respectively. The compressor suction temperature also follows the same
trend for the various mixtures. The cyclohexane/cyclopropane mixture
recorded a lower compressor suction and discharge temperatures of
104.99 °C and 204.44 °C respectively at 170 °C supply temperature.
These temperatures however must be kept in check in the design of the
compressor components [8]. The key performance indicator for the
investigated fluids is presented in Table 8.

4.3.3. Effect of heat source temperature difference on COP and exergy
destruction

COP and total exergy destruction as a function of heat source tem-
perature difference are presented in Fig. 13. An increase in the heat
source temperature difference is seen to have a negative effect on the
performance of the heat pump. At 140 °C supply temperature, a 15 K
increase in heat source temperature difference decreases the COP of the
cyclohexane/cyclopropane mixture by 4.32 %. A larger decrease of
12.32 % is recorded with the cyclohexane/R601 mixture. However, at
170 °C supply temperature, the effect is higher with a resultant 7.5 %
decrease in COP for cyclohexane/cyclopropane mixture. This negative
effect is due to the decreasing evaporation pressure, resulting in a higher
pressure ratio and compressor work requirement [11]. The obtained
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Key performance indicator for investigated fluids at 170 °C supply temperature.
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result is consistent with findings in literature [23,24]. Also, from Fig. 13,
increasing the heat source temperature difference increases the total
exergy destruction. The cyclohexane/R601 mixture recorded the highest

Fluids COP Pressure Compressor exit Mass
(=) Ratio (—) temperature (°C) flowrate exergy destruction increase of 14.94 %, while that of the cyclo-
(kg/s) hexane/cyclopropane mixture increased by 8.55 %. This trend is in
Cyclohexane/ 2.814 218 204.4 0.040 agreement with the findings of Yelishala et al. [24] in their study on
Cyclopropane zeotropic mixtures. The exergy destruction in various system compo-
(0.9/0.1) nents for the best performing mixture compositions is summarized in
Cyclohexane/ 2.810 204 208.5 0.444 Table 9
R1234ze(Z) (0.9/ '
0.1)
Cyclohexane/ 2.808  19.8 210.7 0.044 4.3.4. Effect of the heat source temperature difference on evaporation
R1233zd(E) (0.9/ pressure and pressure ratio
0 One negative effect of increasing the heat source temperature dif-
Cyclohexane/ 2.805 19.4 211.7 0.046 . ) R .
R133622(Z) (0.9/ ference is the decrease in the evaporation pressure. This can be clearly
0.1) seen from Fig. 14. An average of 7 % decrease in the compressor pressure
Cyclohexane/R600 2802  19.6 211.1 0.041 is recorded across the mixtures over the 15 K increase in the heat source
(0.9/0.1) temperature difference. This is due to the fact that increasing heat source
Cyclohexane/R601a 2.799 19.1 212.6 0.042 . .
0.9/0.1) temperature difference at constant heat source inlet temperature, de-
Cyclohexane/R600a  2.799  20.5 207.3 0.041 creases the evaporation temperature and consequently evaporation
(0.9/0.1) pressure, if the fluid must be completely vaporized at the exit of the
Cyclohexane/R601 2799 191 213.9 0.042 evaporator. However, with this reduction in evaporation pressure, a
(0.9/0.1) corresponding increase in pressure ratio is seen due to an increasing
Cyclopropane 2.800 5.0 204.4 0.045 diffe b th d This eff
R1234z¢(2) 2750 87 208.8 0.088 difference f:twe.en e evaporator and compressor pressures. This effect
Cyclohexane 2754 20.0 219.1 0.041 is also seen in Fig. 14.
Cyclopentane 2.754 14.2 227.0 0.040
R600 2738 7.3 195.4 0.050 4.3.5. Effect of IHX pinch point temperature difference on COP and exergy
R600a 2.728 6.2 185.5 0.058 destruction
R1233zd(E) 2.726 9.9 211.7 0.094 . . . .
R601 2718 11.0 202.6 0.047 The effect of a varying minimum pinch temperature difference
R601a 2.708  10.6 198.1 0.051 (ATyp) of the internal heat exchanger (IHX) on the system performance
R133622(Z) 2702 125 197.7 0.108 was evaluated and presented in Fig. 15.
MM 2631 305 187.9 0.077 COP as a function of IHX pinch point temperature difference (IHX
ATpp) for 140 °C and 170 °C supply temperatures are presented in
Fig. 12. It can be seen that an increase in the IHX AT, decreases the
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Fig. 13. COP and total exergy destruction at varying heat source temperature difference.
Table 9

Exergy destruction in various system components.

Mixtures Exergy destruction (kw) at 170 °C supply temperature
Evaporator THX Compressor Condenser Expansion valve

Cyclohexane/Cyclopropane (0.9/0.1) 0.22 0,17 1.27 1.02 0.36
Cyclohexane/R1234ze(Z) (0.9/0.1) 0.22 0.21 1.26 1.07 0.30
Cyclohexane/R1233zd(E) (0.9/0.1) 0.21 0.23 1.26 1.10 0.27
Cyclohexane/R1336zz(Z) (0.9/0.1) 0.21 0.25 1.26 1.11 0.24
Cyclohexane/R600 (0.9/0.1) 0.21 0.23 1.26 1.10 0.27
Cyclohexane/R601a (0.9/0.1) 0.21 0.26 1.26 1.12 0.24
Cyclohexane/R600a (0.9/0.1) 0.22 0.21 1.27 1.07 0.32
Cyclohexane/R601 (0.9/0.1) 0.21 0.27 1.25 1.14 0.22
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COP. A 20 K increase in THX ATy, decreased the COP of the cyclo-
hexane/cyclopropane mixture by 6.29 %, for a 140 °C supply temper-
ature. For a 170 °C supply temperature, increasing the IHX AT}, from 10
to 30 K results in an 8.07, 7.67 and 7.07 % decrease for R601a, R1233zd
(E) and cyclopropane mixtures at 0.9 mol fraction of cyclohexane
respectively. This decreasing COP effect is due to the fact that increasing
ATy, reduces the quantity of heat transfer and hence reduces the

temperature of the fluid at the compressor suction. Moreover, from
Fig. 15 a total exergy destruction is seen to increase with increasing IHX
ATpp, which also contributes to the decrease in COP. The exergy
destruction of the cyclohexane/cyclopropane mixture increased from
2.56 kW to 2.93 kW over the 20 °C increase in IHX AT, at 140 °C supply
temperature, while a 16.45 % increase was recorded at 170 °C supply
temperature.
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4.3.6. Effect of IHX pinch point temperature difference on evaporation
pressure and pressure ratio

Research has proven that the addition of IHX increases the COP of
heat pumps [21]. This is because the internal heat exchanger (IHX) in-
creases the temperature and consequently the degree of superheat of the
fluid at the compressor suction. This leads to less compressor work
requirement to attain specific supply temperatures. Suction degree su-
perheat and pressure ratio as a function of ITHX AT, is presented in
Fig. 16. The compressor suction degree superheat of the cyclo-
hexane/cyclopropane mixture decreased from 37 °C to 21 °C over the
20 K increase in THX ATpp, at 140 °C supply temperature At 10 K THX
ATy, the suction degree superheat of the cyclohexane/cyclopropane
mixture is at 60 °C for 170 °C supply temperature, which is the least
among the considered mixtures. Increasing the THX AT}, to 30 K reduces
the degree superheat by 23.33 %. The opposite can be said concerning
the IHX ATy, effect on the pressure ratio. The pressure ratio increased by
11.51 % at an IHX AT,, increase of 20 K for the cyclo-
hexane/cyclopropane mixture at 0.9 mol fraction of cyclohexane for
170 °C supply temperature. This increase in pressure ratio contributes to
the decrease in COP.

4.4. Limitations of the study

Neglecting pressure and heat losses, is one of the main limitations of
this study. For a more practical scenario these losses could constitute up
to 10 % reduction in COP. In addition, the study is limited to a constant
isentropic efficiency at the compressor which will rather reduce with
increasing temperature lift as can be seen from many experimental
studies. It should, however, be noted that the considered mixtures have
not been experimentally proven. Thus, the obtained results are only
valid from a simulation point of view. The compressor discharge tem-
peratures obtained in this study are beyond the limit for commercially
available compressors, thus placing a limitation to the application of the
findings. With the high pressure-ratios obtained in this study, the use of
multistage compressors will be more practical and safer. Finally, the
evaporation pressures obtained in the study are below the atmospheric
pressure, hence raising some safety concerns with the system.

5. Conclusion

The thermodynamic analysis of working fluid mixtures of R600,
R600a, R601, R601a, R1336mzz(Z), R1234ze(Z), R1233zd(E) and
cyclopropane with cyclohexane have been theoretically conducted and
the following conclusions are drawn.

i. Cyclohexane/cyclopropane mixture at 0.9 mol fraction of cyclo-
hexane has the highest COP of 2.81 for supply temperatures at
170 °C. This mixture improved the efficiency of the HTHP, with
the obtained COPs higher than those of standard working fluids
like R601a and R1233zd(E) by 7.16 and 7.19 % respectively at
140 °C supply temperature.

ii. The degree of increase of performance of the HTHP using zeo-

tropic mixtures depends on the temperature glide matching in the

heat exchangers; as the temperature glide deviates from the
temperature difference at the heat source or sink, the increase in
efficiency becomes less pronounced.

Reduced exergy destruction accounts for an increase in effi-

ciency, thus deliberate efforts must be made towards reducing

exergy destruction if improved efficiency must be achieved.

iii.

Nomenclature

Comp Compressor
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iv. Boundary conditions such as the heat source temperature differ-
ence and the internal heat exchanger pinch point temperature
difference (IHX ATpp), have proven to affect the performance of
the system. An increase in the heat source temperature difference
from 5 to 20 K decreased the COP of the cyclohexane/cyclopro-
pane (0.9/0.1) mixture by 4.32 % and 7.47 % for 140 °C and
170 °C supply temperatures respectively. Also increasing the IHX
ATpp from 10 K to 30 K decreased the COP of the cyclohexane/
cyclopropane (0.9/0.1) mixture by 6.3 % and 6.8 % for 140 °C
and 170 °C supply temperatures respectively.

v. The aim of attaining a mixture with high critical temperature and
consequently having an overall subcritical operation was met.
For the best performing mixture (cyclohexane/cyclopropane), a
critical temperature of 265.07 °C was attained which is far above
the 204.43 °C compressor discharge temperature (CDT) of the
system at 170 °C supply temperature.

The results obtained from this study represent a promising step to-
wards the integration of the studied mixtures of cyclohexane, especially
cyclohexane/cyclopropane in HTHPs. With the obtained range of supply
temperatures, this integration can find its application for process heat
supply in the food, cloth, chemical and metal industries. In relation to
the literature presented in Table 1, the obtained results bridges the
literature gap in higher supply temperature as well as novel mixtures.
From a broader perspective, the realisation of the quest for the
replacement of gas boilers with HTHPs for increased energy efficiency
and sustainability takes a step further, with these positive results.
However, this study proposes future works especially on the mixability
of the studied mixtures as well as their practical application to specific
industrial processes. Besides, studies on the cost implication as well as
the compatibility of commercially available components of the system
with the operating parameters obtained from this study, are part of
future work. Resolving these issues is surely the right step towards
translating these theoretical findings into practical applications.
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Cond Condenser

CopP Coefficient of Performance
CP Critical Pressure

CT Critical temperature

Cycpropane Cyclopropane

Cychex Cyclohexane

Exp Expansion valve

Evap Evaporator

IHX Internal Heat Exchanger

GWP Global Warming Potential

°C Degree Celsius

HTHP High Temperature Heat Pump
K Kelvin

kw Kilowatt

MM Hexamethyldisiloxane

NBP Normal Boiling Point

ODP Ozone Depletion Potential
Qcond Heat transferred to the condenser
Weomp Power input to the compressor

T,s-diagram Temperature Entropy Diagram

is Compressor isentropic efficiency

eq Exergy Destruction

My, Heat source mass flow rate

mg; Heat sink mass flow rate

m Mass flowrate of working fluid

ATy, Minimum pinch temperature difference

EX Exergy flow
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