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ARTICLE INFO ABSTRACT

Keywords: Industrial heat pumps up to 200 °C are an emerging technology with the potential to reshape the industrial
High-temperature heat pump heating supply. For large heat sink temperature glides, transcritical cycles are able to increase the power-to-heat
Transcritical cycles efficiency. Its potential is however yet to be unlocked. To examine this potential, a thermodynamic optimization

Industrial heat pump
Temperature glide
Drying

model is proposed. The model includes robust cycle optimization, is able to screen a large set of working fluids,
and includes proper post-processing. This model is applied to three highly relevant industrial cases, namely
thermal oil heating, superheated steam drying and spray drying. The heat sink temperature glides for the
respective case studies are 60 K, 81 K and 105 K. The results show that a temperature glide larger than 60 K is
desired to achieve a better coefficient of performance (COP) with transcritical cycles compared to the classical
subcritical cycles. Moreover, potential working fluids were identified for these high operational temperatures.
For the case study with a heat sink temperature glide of 81 K, transcritical cycles allowed for a COP increase
of 4.6%, whereas this increased to 7.3% for a heat sink temperature glide of 105 K. Furthermore, transcritical
cycles introduce a much larger volumetric heating capacity, a lower compressor discharge temperature and
a substantially lower pressure ratio. In addition, the best performing working fluids for subcritical cycles are
highly flammable, which is only the case for some transcritical working fluids. Therefore, these cycles can be
beneficial for temperature glides below 60 K. The compressor for transcritical cycles should however be able
to cope with pressures up to 60 bar. If these compressors are available, transcritical cycles are shown to be
superior compared to classical subcritical cycles.

1. Introduction reduction in GHG emissions, even under the current European energy
mix [9]. Further enhancing the performance of HTHPs would allow
The industrial heating sector is dominated by the combustion of for improved cost-efficiencies and lower GHG emissions, increasing the
fossil fuels [1]. These fossil fuels have significant contributions in the adoption rate of the technology.
current greenhouse gas (GHG) emissions [1]. Moreover, fossil fuel One way to increase the performance of HTHPs is by reducing ex-
prices are highly unpredictable. Renewable electricity on the other ergy losses in the heat exchangers. Knowing that heat transfer is a main
hand, which is less dependent on geopolitical aspects, has an overall source of exergy destruction in HTHPs [10]. This exergy destruction can
decreasing price trend. Therefore, vapor compression high-temperature be minimized by closely matching the temperature profile of refrigerant
heat pumps (HTHPs) are being proposed for industrial heat supply up and secondary medium.
until 200 °C [2]. An overview of the operating principles, refriger- In transcritical heat pump cycles, heat rejection happens at pres-
ants, application potential and challenges of HTHPs can be found in sures.ellbove the .critical pressure. Therefore, co.mpared to classical
recent review articles [3-6]. These HTHP are becoming cost-effective subcritical qperatlon,. these cycles are E}ble to provide a b?tter tempera-
technologies compared to fossil fuel combustion [7,8]. Moreover, due ture match in scenarios of large heat sink temperature glides as shown

to their high power-to-heat efficiency, HTHPs allow for a significant in Fig. 1.
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Fig. 1. Temperature profile during heat rejection for subcritical operation (condenser)
and transcritical or supercritical operation (gas cooler).

Another well-suited method to reduce exergy destruction is by using
zeotropic mixtures, which are studied both for HTHPs [11-14] as for
organic Rankine cycles (ORCs) [15,16]. Zeotropic mixtures experience
a temperature glide during phase change which can be matched with
the temperature glide of the heat source or sink. However, obtain-
ing large temperature glides with zeotropic mixtures poses a risk for
fractionation [17,18].

This study focuses on large temperature glides at the heat sink side,
which are common in industrial applications such as drying (e.g. spray
drying or superheated steam drying), thermal oil heating, pressurized
hot water production, air preheating or fluid (pre)heating. For these
applications, use of zeotropic mixtures may be less interesting because
of the risk of fractionation. Furthermore, the strongly different tempera-
ture glides of the heat source and sink may severely limit the obtainable
efficiency gain of zeotropic mixtures. Transcritical cycles however, are
well suited for these types of temperature glides.

The transcritical vapor compression cycle was proposed by
Lorentzen in 1990 [19], who identified CO2 as a near-ideal refriger-
ant [20]. Since the publication by Lorentzen [19] much research has
been performed on transcritical CO2 cycles; an overview of transcritical
CO2 heat pumps and their relevance can be found in several review
articles [21-24]. CO2 however has a low critical temperature of 31 °C
and a high critical pressure of 73.6 bar. Consequently, pressures in
CO2 systems are typically 5-10 times higher compared to other refrig-
erants [25]. This may cause several challenges in component design
and safety concerns, especially when high operational temperatures are
targeted [25]. Moreover, to keep heat transfer at the heat source in the
two-phase region, low temperatures are required at the evaporator side
(25-30 °C) [26]. Therefore, its use in high-temperature applications is
commonly limited to heat sinks with outlet temperatures of 120 °C and
considerably lower heat sink inlet temperatures [4,27].

Whereas transcritical operation is common practice for CO2 heat
pump cycles, few transcritical HTHPs are found operating with other
refrigerants. Besbes et al. [28] constructed a 30 kW, transcritical heat
pump prototype with R32 as refrigerant, to be implemented in drying
plants. In the set-up, air was heated from 60 to 120 °C, with effluents
available at 50 °C. A COP of 3.69 was observed, which corresponds
to an exergy efficiency of 63%. Chahla et al. [29] adapted the set-
up constructed by Besbes et al. [28] for use of Hydrofluro-Olefins
(HFOs) as refrigerant. In their work, air heating at 90 °C or 100 °C
to 150 °C is experimentally investigated, using effluents at 82 °C.
The adapted heat pump reached COPs up to 3.72. Kimura et al. [30]
developed a transcritical butane (R600) HTHP with as goal to raise
the temperature of thermal oil from 80 to 180 °C, employing a hot
water heat source at 80 °C. The targeted COP is 3.5. Newly designed
oil-free centrifugal compressors with active magnetic bearings were
used. The heat pump system has a capacity of 300 kW,,. Verdnik and
Rieberer [31], designed a single-stage HTHP prototype with a suction-
gas-cooled reciprocating compressor, low pressure suction accumulator
and internal heat exchanger (IHX), also using R600 as refrigerant.
Transcritical operation enabled to raise the temperature of the heat sink
from 80 °C to 160 °C. A COP of 3.1 and a heating capacity of 24.2 kW,
was achieved with a heat source cooled from 60 °C to 55 °C. Moreover,
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the influence of the discharge pressure and suction gas superheat in the
IHX on the COP and heating capacity was studied.

Whereas some experimental research is performed on transcritical
industrial heat pumps with refrigerants other than CO2, few work-
ing fluid screenings are performed and few relevant applications for
transcritical HTHPs up to 200 °C are presented. Sarkar et al. [27]
considered subcritical and transcritical cycles for, amongst others, a
generic case study with heat sink outlet temperatures up to 200 °C,
but only considered four refrigerants (i.e. carbon dioxide, ammonia,
propane and isobutane). Wang et al. [32] compared subcritical and
transcritical heat pump cycles for spray dryers operating at 200 °C,
where most refrigerants in Engineering Equation Solver (EES) were as-
sessed. However, due to the lack of a heat source with a suitable energy
content, the heat sink outlet temperatures were limited to 110 °C. For
this the high global warming potential (GWP) refrigerant R134a was
proposed as most promising, with R32 and R290 also showing good
energy efficiency. Arpagaus et al. [33], modeled a transcritical heat
pump cycle with and without IHX and a transcritical heat pump cycle
with parallel compression. With the use of the model two case studies
are considered, namely, air heating from 30 to 200 °C with a hot water
heat source at 80 °C, and water heating from 100 to 200 °C with use of
moist air at 30 °C as heat source. The investigated working fluids were
R245fa, four low-GWP HFOs and the hydrocarbons R601 and R600.
The results show that the cycle with IHX has the highest performance
and lowest discharge pressure. Moreover, this cycle is convenient to
control. The results also showed that the gas cooler pressure has a large
impact on the COP.

In conclusion, it is unclear for transcritical HTHPs what the tech-
nology potential is for high temperature needs (up to 200 °C), how
these HTHPs should be optimally designed and what further chal-
lenges remain. In this work, three relevant industrial case studies, with
different temperature glides, are proposed as a starting ground. The
need to analyze different temperature profiles is also emphasized by
Arpagaus et al. [33], who suggest that future research into transcritical
cycles should include more temperature conditions. By doing so it
can be determined for which boundary conditions (i.e. applications)
transcritical operation becomes more beneficial than classical subcrit-
ical operation. Moreover, suitable working fluids for transcritical or
subcritical operation can be identified for the targeted applications,
since all working fluids within REFPROP 10.0 [34] are considered in
this work. This is also stressed in the recent review paper of Adamson
et al. [6] on transcritical heat pump cycles, which state that one of the
challenges is: ‘The identification of efficient refrigerants (or refrigerant
blends), beyond CO2, to maximize COP for specific applications while
keeping within pressure limits’. In addition, suitable working fluids
will be presented for heat pump supply temperatures up to 200 °C in
general, which is scarcely studied in the literature. Furthermore, this
study considers and compares the influence of flammability and the
use of an internal heat exchanger for the different case studies.

2. Methods

To demonstrate when transcritical cycles are relevant, an optimiza-
tion model is developed. The model differentiates from most models
reported in the literature [35-38] in the sense that it includes a robust
optimization algorithm. This algorithm optimizes, amongst others, the
pressure during heat delivery and the amount of subcooling. Both
parameters have a large influence on the COP for transcritical, or near-
transcritical, cycles [27,31]. Moreover, an optimized subcooling also
has a strong impact on the COP for subcritical cycles when used for
applications with large temperature glides [39]. The model also opti-
mizes the pressure during heat extraction and the amount of superheat,
and covers a wet compression detection. Furthermore, it includes a
proper post-processing so that only working fluids are reported that are
practically relevant.
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The basis of the optimization model is the thermodynamic model,
which takes the industrial application (i.e. boundary conditions) and
the heat pump operating conditions as input as shown in Fig. 2. On top
of this thermodynamic model a global optimizer maximizes the COP
by varying the heat pump operating conditions. In order to find a tech-
nically feasible solution, several optimization constraints are applied
to the global optimizer. The optimization is performed on a large set
of working fluids. This set is obtained starting from the REFPROP 10.0
database of pure working fluids [34] subjected to a first fluid screening
step. Once all optimal operating conditions and cycle variables are
determined for each working fluid, post-processing is performed on
these intermediate results by applying technical constraints, which
eventually leads to the reported results in this work. In what follows
each of the steps in the methodology are explained in detail.

REFPROP 10.0
Database

Fluid screening

Working fluids

Boundary conditions

hermodynamic Operating conditions
Model (ATsh, ATsc, Phigh: Piow)

A

Optimization
Constraints

Optimal operating
conditions and cycle
parameters for each

working fluid

Technical

Post-processing <«— -
Constraints

Fig. 2. Flowchart of the optimization model.

2.1. Thermodynamic model

In order to estimate the performance, a thermodynamic model in
Python is developed. The model simulates a heat pump cycle which
consists of a compressor, evaporator, condenser/gas cooler, expansion
valve and optionally an IHX as shown in Fig. 3. In this figure a number,
or letter, for each state is given. These numbers, or letters, will be used
throughout this work to indicate the respective states. Depending on
the case study, more complex cycles could be beneficial to increase
the performance of the heat pump. However, it was not included
in the scope of this work. In the literature transcritical operation is
seen as a solution to increase performance without adding additional
components to the cycle.

The input parameters of the thermodynamic model are: heat sink
inlet and outlet state, heat sink mass flow rate, heat pump operating
conditions, the inlet state of the heat source and the mass flow rate of
the heat source. Note that the heat sink is completely defined a priori,
in contrast to the heat source outlet state, which is a function of the
COP and the amount of heat supplied.

The heat pump operating conditions variables are: pressure during
heat extraction (p,,,,) and delivery (py,,;), amount of superheat (4T,)
and amount of subcooling (47,,). For operation above the critical point
(i.e. transcritical operation), subcooling is defined with respect to the
critical point. Consequently, according to this definition, the subcooling
can have a negative or positive sign. The different components of the
heat pump cycle are modeled as described in the upcoming sections.
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Fig. 3. Single-stage heat pump cycle, without and with IHX.

2.1.1. Compressor model

The compressor is modeled by considering a fixed isentropic ef-
ficiency (n;,) of 75% [4,40] and a volumetric efficiency (7,,) of
90% [41]. Mateu-Royo et al. [42] constructed a prototype HTHP
using R245fa as the refrigerant. They performed an energy and exergy
analysis for heat source temperatures between 60 and 80 °C, and
heat sink temperatures between 90 and 140 °C. The results showed
an isentropic efficiency varying between from just under 70% to
somewhat over 80%. Furthermore, volumetric efficiencies ranging from
around 87% to almost 100% were observed. This justifies the use of
the selected isentropic and volumetric efficiencies from the literature.
Whereas more advanced models exist that estimate these efficiencies
based upon the operating conditions and/or fluid properties, these are
always developed for a specific compressor type and are only valid
within a certain range of volume flow rates [43-45]. In order to have
a generally valid compressor model, fixed efficiencies are used. The
power use of the compressor (VVwml,) is calculated as the product of the
working fluid mass flow rate (ii,,,) and the enthalpy difference over
the compressor as shown in Eq. (1):

I/Vcamp = mwf : (hcomp,aut - hcomp,in) (€8]

The enthalpy at the compressor outlet (%, ) is calculated based on
the enthalpy at the inlet of the compressor (h,,,,;,) and the consid-
ered isentropic efficiency. An ideal mechanical and drive efficiency is
considered to convert the corresponding power to the electrical power.
Depending on the shape of the vapor saturation curve, a working
fluid for use in heat pumps can be categorized as: dry fluid (dT/ds <
0), wet fluid (dT/ds > 0) or isentropic fluid (dT/ds = o). A working
fluid is classified as ‘wet’” when an isentropic compression, starting
from saturated vapor, goes through the two-phase region. When the
compressor is not designed to handle two-phase compression, a certain
amount of superheat is required for wet fluids [45]. Another option to
avoid wet compression is employing an IHX [46]. Within the developed
model, the occurrence of two-phase compression is monitored and the
superheat is increased if necessary to avoid wet compression.

2.1.2. Heat exchanger model

Underwood [47] suggests that in close-coupled packaged plants,
the pressure losses of the refrigerant during heat exchange can be
disregarded since they are typically insignificant. Therefore, pressure
drops are not considered. Furthermore, the heat exchanger losses to the
environment are set to zero. In the literature [45,48-51] it is also ob-
served that both losses are commonly set to zero, due to their minimal
effects. Therefore, the heat transfer rate is calculated by multiplying the
mass flow rate of the medium () with the absolute value of difference
in enthalpy at the heat exchanger inlet (#;,) and outlet (h,,,) as shown
in Eq. (2):
- hs f 4,out| (2)

mu:f . |hwf.in - hwf,ourl = msf . |hsf,in
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where the subscript “wf” refers to “working fluid” and the subscript
“sf” refers to “secondary fluid”. The evaporator and condenser/gas
cooler are sized assuming a theoretical limiting case by setting a pre-
determined pinch point temperature difference (PPTD), and the outlet
states are defined by the imposed superheat or subcooling. It should
be noted, however, that with a suitable temperature match between
refrigerant and heat sink, transcritical cycles can introduce small tem-
perature differences during heat rejection, as shown in Fig. 1. This
generally requires larger heat transfer surfaces when considering a fixed
PPTD. Examining a fixed heat transfer surface for the heat exchanger is
impractical due to the limited availability of heat transfer correlations
in the literature that adequately model subcritical and supercritical heat
exchangers [52]. Furthermore, the aim of this research is to examine
the thermodynamic potential, rather than the financial potential. For
the latter it should also be taken into account that transcritical cycles
generally require smaller compressors [27]. However, it should be
emphasized that in practical applications, a compromise may have to
be made between the pinch point and the size of the heat exchanger.
More information on the PPTD can be found in Section 2.2. For the IHX,
where no phase change occurs, a fixed effectiveness of 0.75 is used.
To facilitate a valid comparison between the cycle with and without
the IHX, the IHX has been engineered to exhibit a relatively high
heat exchange effectiveness. Nevertheless, the used effectiveness is still
within the range of effectiveness’s used in the literature [53-57]. Based
on this effectiveness the refrigerant outlet states can be determined.

2.1.3. Expansion valve model

The expansion valve is assumed to be isenthalpic. The expansion
losses in heat pumps employing conventional refrigerants are generally
small [21]. For transcritical cycles however, the large pressure differ-
ence results in a higher potential of recovering the expansion work.
Often studied expansion work recovery devices are expanders [58,59]
and ejectors [60,61]. Whereas use of an expansion recovery device
could be beneficial, it is not considered in this study, because it would
be no fair comparison when not implementing financial and techni-
cal aspects. The potential of integrating an expander or ejector in
transcritical cycles is however stressed.

2.1.4. Heat pump performance parameters
Once all heat pump cycle states are determined, the COP can be
calculated. The COP is calculated based on the amount of process

heat supplied (Q,,o.s,) and the compressor power (W,,,,) as shown
in Eq. (3):
Q rocess
cop= "2 3
comp

Next to the COP, the volumetric heating capacity (VHC) is a partic-
ularly important parameter as it gives an indication of the compressor
size. For low VHCs, large compressors or high-speed compressors will
be needed, driving up the heat pump investment cost. The VHC is calcu-
lated based on the volumetric efficiency, the density of the refrigerant
at the compressor inlet (p,,,,,;,) and the difference in enthalpy over the
condenser or gas cooler as shown in Eq. (4).

- hmnd,our) (4)

cond,in

VHC = Nyol * pcr)mp,in : (h

2.1.5. Model validation

To validate the thermodynamic model, case studies reported in
the literature are simulated and the COP is compared. Next to im-
plementing the heat source and sink boundary conditions, modeling
assumptions such as PPTD or efficiencies are also adapted. An overview
of the COP simulated by the thermodynamic model of this work and the
COP reported in the literature can be found in Table 1. This table shows
that the outcomes of the model align well with the results reported
within the literature. Possible explanations for the small differences in
COP could be differences in the REFPROP version, or rounding in the
reported boundary conditions and results.
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Table 1

Comparison of the developed model with the models reported in the literature.
Refrigerant ~ COP: Current work  COP: Literature  Deviation (%)  Reference
Propane 2.63 2.66 1.26 [62]
Ethanol 3.66 3.62 1.1 [63]
R161 4.14 4.04 2.47 [64]

2.2. Optimization model

In the optimization algorithm, the COP calculated by the thermo-
dynamic model is maximized. To recap, the thermodynamic model
requires 4 input variables: superheat at the evaporator (4T,,), sub-
cooling at the condenser (4T,.), pressure during heat extraction (p,,,,)
and pressure during heat delivery (p,,), in addition to the boundary
conditions which stay fixed throughout the optimization. For each
working fluid, both the heat pump cycle with and without IHX are
optimized.

The objective function contains many local maxima, hence a state-
of-the-art global optimizer implemented in SciPy [65] is used to find
the global optimum. The basin-hopping global optimizer was chosen
as it showed the most robust and best results for a specified number
of function evaluations. Prior to running the basin-hopping algorithm,
a dual annealing optimization with a low number of function evalu-
ations is performed to provide an initial guess for the basin-hopping
algorithm.

In the optimization method several constraints are implemented
on the output values. These constraints cannot be directly applied
by putting bounds on the input variables because they require an
evaluation of the actual heat pump cycle using the thermodynamic
model. Hence penalties (i.e. soft constraints) are applied to the objec-
tive function when the constraints are not met. The penalty functions
are tuned so that the optimization algorithm quickly converges to a
solution for which none of the constraints are violated. Soft constraints
are applied on three output values, namely the PPTD at the condenser
or gascooler, the PPTD at the evaporator and the presence of wet
compression. Constraints are imposed on the PPTD, because the COP
would be optimal for a zero PPTD, which would require infinitely
large heat exchangers. Therefore, a PPTD of 5 K is imposed, which
gives a suitable trade-off between COP and heat exchanger size [41].
Within each function evaluation of the optimization, the PPTD between
working fluid and secondary medium is determined by using an sepa-
rate optimizer to find the location at which the temperature difference
between the two fluids is minimal.

The optimization strategy is computationally expensive due to the
many local maxima of the objective function and the high number of
working fluids considered. Hence, several techniques are applied to
speed up the optimization. First, the optimization can be parallelized
over all available processor cores, so that on each core the cycle is
optimized for a different working fluid. Second, the bounds applied on
the optimization variables are based on the working fluid’s properties.
By reducing the search space the optimization can be accelerated.

Overall, the optimization problem can be presented by:

Maximize COP = f(Pjou> Pign- AT, AT.)
PPTDyigp, = fPpign-ATye) 25

PPT Dy, = f(Prow> ATp) 2 5
Xeompmin = S Prows Phign» ATp) € [0,1]
Plow < Plow < Ploy,

Pﬁ,-g;, < Phigh £ P;l{,-gh

ATE < ATy, < ATT

ATE < AT, < ATY

sc =

Subject to

with X, min the minimum refrigerant quality that occurs during
the compression process, and the superscript ‘L’ referring to lower
boundary and ‘U’ to upper boundary.
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2.3. Working fluid selection

Most studies are restricted to refrigerants that are currently used in
practice. In this study however, all pure fluids within REFPROP 10.0
are being considered as potential working fluid. These working fluids
are first screened in terms of environmental aspects, thermal stability,
toxicity and flammability. Only if they pass the screening procedure
they will be simulated. Additional elimination of working fluids may
follow during post-processing when the enforced technical constrains,
explained in Section 2.4, are not respected.

2.3.1. Environmental aspects

All working fluids that have a GWP below 150 and do not deplete
the ozone layer are considered in this study. In this way, the EU-
regulations regarding fluorinated GHG [66] and substances that deplete
the ozone layer [67] are met.

2.3.2. Thermal stability

The thermal stability/reactivity of the working fluid at higher tem-
peratures can be characterized by the instability grade of the NFPA 704
standard [68]. This grade rates the chemical stability of a substance
at elevated pressures and temperatures on a scale from O to 4. Sub-
stances with an instability grade of 1 can already become unstable at
elevated pressures and temperatures. Therefore, working fluids with an
instability grade equal to, or higher than, 1 are disregarded. Examples
of well performing working fluids that are discarded due to their low
chemical stability are: dimethyl ether, dimethyl carbonate, 1-pentene,
1,3-butadiene, trans-2-butene, or 1-butyne.

Whereas the NFPA 704 thermal stability grade gives an indica-
tion of violent chemical changes at higher pressures and temperatures
such as explosive decomposition or detonation, the refrigerant can
also decompose over time when subjected to high pressures and tem-
peratures (i.e. thermolysis). Decomposition of the working fluid can
lead to a reduction in thermal efficiency because of the change in
operating conditions [69]. Moreover, decomposition products such as
non-condensable gases or deposits could damage the components and
induce safety concerns [69]. In addition, if the working fluid would
depreciate over a short time interval it would show less favorable
financial appraisal than expected [70]. Therefore, it is crucial that
the working fluid shows no, to low, thermolysis at the targeted tem-
peratures and pressures. Consequently, working fluids that start to
decompose below 200 °C are eliminated.

2.3.3. Flammability

Flammability and explosion concerns may withhold use of refriger-
ants such as hydrocarbons. An exception is the chemical industry where
the processes may already be protected [71]. However, when correctly
handled and installed, flammable refrigerants are safe to use [72].
Several use cases of such flammable refrigerants at high temperatures
and pressures can be found. Bamigbetan et al. [73] constructed a
laboratory-scale HTHP, supplying heat up to 115 °C. The heat pump
is a cascaded cycle making use of propane as low-temperature cycle
and propane as high-temperature cycle, based on components that
are commercially available. Furthermore, several HTHP manufacturers
(Mayekawa, Johnson Controls, etc.) offer commercial available HTHPs
making use of hydrocarbons for supply temperatures up to 145 °C [74].
In the field of ORCs, the use of hydrocarbons is more prevalent. Galindo
et al. [75], constructed an experimental ORC making use of ethanol as
working fluid to recover waste heat from a gasoline engine. For this
set-up exhaust gas inlet temperatures up to 673 °C were tested. Fur-
thermore, several ORC manufacturers (Ormat, Turboden, Atlas Copco,
etc.) make use of hydrocarbons such as cyclo-pentane, iso-pentane or n-
butane for waste heat temperatures well above 200 °C [76]. Therefore,
no constraint is placed upon the flammability. Instead, in contrast to
most literature, two scenarios are considered: one where flammable
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fluids are allowed and one where they are not allowed. For the flamma-
bility grade the ASHRAE 34 standard [77] is used which classifies
the flammability in four grades. In the scenario that flammability is a
concern, highly flammable fluids (class 3) and flammable fluids (class
2) will be disregarded whereas non-flammable fluids (class 1) and
mildly flammable fluids (class 2L) will be considered.

Whereas no direct limitation is placed upon the flammability grade
a limitation will be placed upon the auto-ignition temperature. If the
compressor discharge temperature without (external) cooling method
exceeds the auto-ignition temperature the fluid will be eliminated from
the results. In this way the system can safely operate even when the
(external) cooling fails.

2.3.4. Toxicity

Ideally, the refrigerant is non-toxic. However, toxic refrigerants such
as ammonia are widely used in heat pumps and refrigeration machines.
Ammonia has the highest toxicity grade according to the ASHRAE 34
standard (class B) and a health-grade of 3 out of 4 according to the
NFPA 704 standard. With ammonia set as boundary for the maximum
toxicity, working fluids with an NFPA 704 health-grade of 4 will be
disregarded from the analysis.

An overview of the working fluid selection can be found in Ap-
pendix. In this appendix it is indicated whether the working fluid
passed the imposed GWP limitation, ozone depletion potential (ODP)
limitation, NFPA 704 instability limitation and NFPA 704 health limi-
tation. For some working fluids no NFPA 704 standard was found, so
the instability and health grade was named ‘unknown’. These working
fluids were not eliminated by the screening procedure. However, when
these working fluids show to be amongst the best performing working
fluids, its instability grade and health hazard will be carefully studied.

2.4. Technical constraints

As indicated in the optimization model and fluid selection, some
working fluids may not be considered because they result in unreal-
istic technical requirements. The imposed technical requirements are
described in the upcoming sections.

2.4.1. Compressor discharge temperature

The compressor discharge temperature should be kept as low as
possible for various reasons. First of all, the refrigerant-oil mixture
might become thermally unstable at higher temperatures when the
compressor is lubricated [4]. In addition, oil degradation may oc-
cur when subjected to prolonged high temperatures [73]. Further-
more, a high compressor discharge temperature poses challenges in
the heat management and wear of the compressor and materials of the
equipment [4].

Whereas high compressor discharge temperatures may cause severe
issues when not appropriately handled, no constraint is placed upon the
compressor discharge temperature because several techniques exist to
reduce it. Examples are: two-phase compression, vapor or liquid injec-
tion and intercooling [78,79]. These cooling techniques can reduce the
specific compressor power. However, this involves a trade-off because
less heat will be delivered during heat rejection when the discharge
temperature decreases. Furthermore, for applications with a large tem-
perature glide, the reduction of the compressor discharge temperature
leads to an increase in pressure during heat rejection in order to respect
the implemented PPTD, as can be observed in Fig. 4. A similar behavior
was observed in the work of Arpagaus et al. [33], who found that
for applications with large temperature glide a transcritical cycle with
parallel compression did not lead to improved COPs compared to a
conventional transcritical cycle with IHX. The reason for this is that
the cycle making use of parallel compression reduces the discharge
temperature.

For these reasons, it was found that these methods of reducing
the discharge temperature did not offer any advantages in terms of
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Fig. 4. Illustration of the effect of a decrease of compressor discharge temperature on
the heat rejection pressure.

COP. However, no cycle configurations are implemented to reduce
the compressor discharge temperature because multiple configurations
exists. Furthermore, no exact boundary can be defined on the maximum
discharge temperature as this strongly depends on the compressor
design.

2.4.2. Pressure ratio

The pressure ratio should be as low as possible. For high pressure ra-
tios, multiple compression stages may be required. This would strongly
drive up the investment cost and the complexity of the heat pump
system. With single compressor units typically having a pressure ratio
about 4-5 [80-83], this study considers a maximum pressure ratio of
20 so that no more than two compression stage should be used.

2.4.3. Pressure levels

The maximum allowable discharge pressure for most commercial
refrigerant compressors is around 30 bar [4,80-82,84,85]. However,
some compressors are being designed for pressures in the range of 50—
60 bar [4,5,80,81,84], e.g for use of ammonia or R32. Furthermore,
some transcritical CO2 compressors are specifically designed for dis-
charge pressures up to 140-150 bar [5,27,80,81]. Because of, amongst
others, the low pressure ratio of CO2 compressors, these compressors
are not suitable for other refrigerants [27]. Therefore, a maximum
compressor discharge pressure of 60 bar is assumed in this study.

Next to the limitations on maximum discharge pressure, there is
a limitation on the minimum pressure within the heat pump system.
If the minimum pressure is below the atmospheric pressure, air may
infiltrate in the system, if not well sealed. This may introduce undesired
effects on the operation of the heat pump system. Furthermore, when
the refrigerant is flammable, flammability issues may occur when air
infiltrates. Therefore, in this work, the minimum pressure should be
above 1 bar for flammable or highly flammable fluids and above 0.5 bar
for non-flammable or mildly flammable fluids. This constraint caused
for example the elimination of dimethyl carbonate.

2.5. Boundary conditions

As previously stressed, transcritical operation can show beneficial
effects in the event of large temperature glides at the heat sink side.
Therefore, three representative industrial case studies with large heat
sink temperature glides are selected, rather than generic data. The
temperature glides at the heat sink side are 60 K, 81 K and 105 K.

2.5.1. Case I: Thermal oil heating

The energy-intensive industry often employs indirect heat
exchanger networks (HEN) using intermediate fluids such as steam or
thermal oil to provide heat. Direct integration could involve topological
disadvantages, limited operational flexibility and controllability of the
overall plant and chemical and safety hazards [86]. HEN covers these
disadvantages, but at reduced energy conservation opportunities be-
cause of the exergy destruction impaired in employing an intermediate
heat carrier.
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This case study considers the thermal oil heating from a HEN.
The data was collected and aggregated from bilateral meetings with
industry. At the industrial site, thermal oil (Therminol 66) is heated
from 140 °C to 200 °C, corresponding with a temperature glide of
60 K. The heat is currently delivered by use of a natural gas boiler.
However, as the same integrated site has a pressurized hot water waste
heat stream available at 100 °C, the natural gas boiler could be replaced
by a heat pump valorizing this waste heat stream. The temperature
levels, mass flow rate and pressure level of the heat source and sink
are reported in Table 2.

2.5.2. Case II: Superheated steam drying

Superheated steam drying (SSD) is a well-known drying technology
which recently has gained importance and became a viable technol-
ogy [87]. In the SSD process, the superheated steam acts as a heat
source and drying medium to remove water from the product [88].
This is often a closed-loop process where the majority of the steam
is recirculated to be superheated. The excess steam of the process,
obtained by the water evaporation, can be used as a latent heat source
for superheating the process steam.

The data reported in the work of Bang-Mgller et al. [89] is used
for the case study. In their work a superheated steam dryer is used for
drying of wet wood (42% water), which is used for a combined heat
and power plant. In this work the superheated steam drying process
is isolated and heat pump integration is considered. A schematic of
the heat pump assisted superheated steam drying process can be found
in Fig. 5. In this particular process, superheated steam needs to be
heated from 116 °C to 197 °C. For this, some superheated steam,
with a condensation temperature of 100 °C, is available at 115 °C. If
the slightly superheated excess steam completely condenses, about 298
kW,, of heat can be extracted. Considering the addition of compression
work in the energy balance this should be sufficient to deliver the 370
kW,, of heat which is demanded for superheating the process steam.
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Fig. 5. Heat pump assisted superheated steam dryer configuration.

The temperature levels, mass flow rate and pressure level of the heat
source and sink can be found in Table 3.

2.5.3. Case III: Spray drying with external heat source

Wang et al. [32] investigated heat recovery for spray dryers in the
food industry. According to their study the ambient inlet air of spray
dryers is typically heated to about 200 °C or higher. The exhaust air
is typically in the temperature range of 60-80 °C, with dew points
around 35-40 °C. Their simulations, which indicated that transcritical
cycles have the best performance, showed that about 40% of the air
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Table 2
Information on heat source and heat sink for the thermal oil heating case study.
Heat source Heat sink
. P I T, . p i T, T,.
Fluid " Fluid " o
[bar] [kg/s] [°C] [bar] [kg/s] [°C] [°Cl
Water 20 20 100 Therminol 66 1 10 140 200
Table 3
Information on the heat source and heat sink for the SSD case study, data according to [89].
Heat source Heat sink
; P 1 T ; P 1 T Tou
Fluid : Fluid >
[bar] [kg/s] [°C] [bar] [kg/s] [°C] [°Cl
Superheated 1 0.13 115 Superheated 1 2.97 116 197
steam steam
Table 4
Information on the heat source and heat sink for the spray drying case study with an external waste heat source.
Heat source Heat sink
. p I T, . P 0 T, T,.
Fluid - Fluid - o
[bar] [kg/s] [°Cl [bar] [kg/s] [°C] [°Cl
Water 1.5 1.69 100 Dry air 1 1 95 200

heating load could be provided by use of heat pumps, lowering the
energy costs with more than 20%. Providing the complete air heating
load (i.e. heating the air up to 200 °C) with use of the exhaust air is not
possible because this would require unfeasible large temperature lifts.
A potential solution is utilizing an external waste heat source with a
suitable temperature level and energy content, so that the inlet air can
be directly heated up to 200 °C without the use of an auxiliary heating
system.

In this generic case study, an external waste heat stream at a tem-
perature level of 105 °C will be considered. Nevertheless, the exhaust
air of the spray dryer will still be used for preheating the dry inlet
air as shown in Fig. 6. It is assumed that the dry inlet air has a mass
flow rate of 1 kg/s and is heated up to 60 °C by the exhaust air. The
preheated dry inlet air is then further preheated up to 95 °C by use of
the hot water waste heat, considering a PPTD of 10 K in the respective
counter flow heat exchanger. If the outlet temperature of the hot water
stream is assumed to be 100 °C, it would imply that there is 1.69 kg/s
of hot water available at 100 °C to heat the preheated inlet air from
95 °C to 200 °C by use of a heat pump. This implies a slightly crossing
temperature profile of the heat source and sink.
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Fig. 6. Considered heat recovery configuration for spray drying case study.

An overview of the process parameters of the heat pump system can
be found in Table 4.

3. Results and discussion

For each case study the best performing working fluids with their
optimized operating conditions (., Ppigns AT, and AT;,) are reported

in a table. The table also reports the pressure ratio (PR), COP, VHC,
compressor discharge temperature (T, ;), cycle type, i.e. subcritical (SC)
or transcritical (TC), and whether or not the cycle optimally makes use
of an IHX.

3.1. Case I: Thermal oil heating

The results of the best performing working fluids in terms of COP
for the thermal oil heating case can be found in Table 5.

3.1.1. Working fluids and performance

Based on the reported results in Table 5 it can be observed that
classical subcritical cycles have a slightly higher COP compared to
transcritical cycles for the case study with a heat sink temperature
glide of 60 K. For subcritical cycles COPs up to 3.34 are observed,
while for transcritical cycles COPs up to 3.30 are observed. Acetone,
benzene and ethanol, which are not yet introduced for use in HTHPs,
are found to be the best performing fluids for subcritical cycles whereas
cyclobutene, R1336mzz(Z) and R1233zd(E) are found to be the best
performing fluids inducing transcritical cycles. All reported fluids, with
the exception of methanol, have a higher COP when an IHX is added.
Methanol already has a compressor discharge temperature of about
300 °C, even without IHX. Addition of an IHX would strongly increase
this temperature and would therefore also induce a lot of exergy
destruction.

3.1.2. Operating conditions

Both the subcritical and transcritical cycles have a considerable
amount of subcooling (i.e. AT,,) in order to maximize the heat output
for a given amount of compression work. These high subcooling values
can be observed in the T,s-diagrams of the best performing subcritical
and transcritical cycles as illustrated in Fig. 7. In these cycles an
IHX is used. Typically the optimal amount of subcooling is adapted
such that, next to an already existing pinch point, a new pinch point
almost appears at the location where the refrigerant leaves the heat
exchanger. This behavior is also observed in other literature [39]. A
similar behavior is observed for the superheat. This figure also shows
that the strong superheat at the condenser inlet for subcritical cycles
leads to a high compressor discharge temperature. For transcritical
cycles however, the discharge temperature is limited because of the
temperature match at the gas cooler.

Next to the lower compressor discharge temperature it can be
observed that transcritical cycles have much higher VHCs and consid-
erably lower pressure ratios. For the reported transcritical cycles the
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Table 5
Results of the best performing fluids for the thermal oil heating case.
Fluid Plow Phigh PR ATy, AT, cop VHC T, Cycle HX
[bar] [bar] [-] [°C] [°C] [-] [kJ/m?] [°C] [-] [-]
Acetone 2.5 23.1 9.4 0.0 44.2 3.34 2545 250 e Yes
Benzene 1.2 13.6 11.7 0.0 51.5 3.33 1315 232 sC Yes
Ethanol 1.3 23.4 18.2 10.2 43.0 3.31 1858 300 e Yes
Cyclobutene 10.6 53.3 5.0 10.4 29.9 3.30 7454 231 TC Yes
Methanol 2.1 31.7 14.9 0.7 42.6 3.29 3047 296 e No
Cyclohexane 1.1 13.7 12.1 9.7 56.3 3.29 1243 213 sC Yes
Cyclopentane 2.8 25.0 8.8 10.4 50.7 3.29 2681 224 sC Yes
Pentane 4.1 31.2 7.5 10.3 46.6 3.28 3371 210 e Yes
R1336mzz(Z) 4.9 35.9 7.4 10.3 26.4 3.26 3815 209 TC Yes
R1233zd(E) 7.4 43.1 5.9 10.0 21.5 3.26 5338 217 TC Yes
Isopentane 5.1 35.0 6.9 10.1 42.2 3.26 3878 208 TC Yes
Isohexane 21 21.8 10.5 9.6 57.1 3.25 1945 207 SC Yes
3-Methylpentane 1.9 20.7 10.9 10.3 58.5 3.24 1812 206 e Yes
2.3-Dimethylbutane 2.2 22,5 10.3 9.0 59.4 3.23 2019 205 SC Yes
2.2-Dimethylbutane 2.7 25.7 9.4 9.4 58.4 3.22 2357 205 sC Yes
acetone varies between 13.6-31.7 bar whereas for the transcritical cycles it
2501 COP =3.34 3 varies between 35-53.3 bar.
Pe, = 2.46 bar
2251 p., =23.14 bar )
~ 3.2. Case II: Superheated steam drying
© 200 d
= . . . .
o 1754 The results of the working fluids with the highest COP for the SSD
% 150 4 case are reported in Table 6.
:
125 4 . .
2 3.2.1. Working fluids and performance
1001 Now, with a temperature glide of 81 K at the heat sink side,
754 6 \1 transcritical cycles show better performance in terms of COP compared
T T T T T T T T T to subcritical cycles. The COP of the best performing transcritical cycle
02 04 06 S O'Bf Lo 12 p L4 16 18 is 4.32 whereas the COP of the best performing subcritical cycle is
ific ent 2 . - .
pecific entropy s (g 4.13. Consequently, a COP increase of 4.6% can be achieved by using
transcritical cycles. The HFOs or Hydrochlorofluro-olefins (HCFOs)
R1336MzZ7 R1336mzz(Z), R1234ze(Z) and R1233zd(E) are found to be the best
2501 COP =3.26 performing fluids for transcritical cycles. These working fluids are
225 4 iev: g‘SgggbZ;r already being experimentally investigated for HTHPs, but at lower
d = 35. L s -
5 200 i 3 temperatures (<160 °C), operating in the subcritical regime [42,90,91].
< Its potential for higher operational temperatures by operating in the
[ . . .
o 1751 transcritical region is yet to be unlocked. Ethanol, methanol and ace-
2 150 4 tone are found to be the best performing fluids for subcritical cycles.
g Again, the most optimal heat pump cycle always makes use of an IHX,
.u_EJ 1251 with the exception of methanol.
100
75 4 3.2.2. Operating conditions
: : As for the thermal oil heating case study, the subcooling is high and
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Specific entropy s (k%K)

Fig. 7. T,s-diagram, with scaled entropy for secondary fluid, for the best performing
subcritical cycle (top) and transcritical cycle (bottom) for the thermal oil heating case
study.

VHC varies between 3815-7454 kJ/m3 and the pressure ratio between
5-7.5, whereas for subcritical cycles the VHC varies between 1065—
3371 kJ/m? and the pressure ratio varies between 7.5-18.2. Therefore,
use of transcritical cycles could already be beneficial for heat sink
temperature glides of 60 K and lower. Cyclobutene, whose potential is
not yet reported in literature, is found to be particularly suitable for this
because of the combination of it high COP and high VHC. A particular
disadvantage of transcritical operation however is the associated high
compressor discharge pressure, which requires high-pressure compres-
sor series. For the subcritical cycles the compressor discharge pressure

almost induces a new pinch point. The amount of superheat however,
is now often close to zero because of the latent heat source. The
transcritical cycles again show much higher VHCs, lower pressure ratios
and lower compressor discharge temperatures on average. For almost
all transcritical cycles, with the exception of cyclobutene and cis-2-
butene, the minimum possible compressor discharge temperature of
202 °C is observed. The compressor discharge pressures for transcritical
cycles are again high and are somewhat increased compared to the
thermal oil heating case, even though the heat sink outlet temperature
of the SSD case study (197 °C) is 3 °C lower compared to the thermal
oil heating case study (200 °C). The increase in compressor discharge
pressure is a result of the lower heat sink inlet temperature, while
the heat source temperature remains similar for similar heat source
temperatures as can be observed from Fig. 8, where the isobars are
drawn. For lower heat sink inlet temperature the potential for the IHX
decreases. Consequently, higher compressor discharge pressures are
observed. This causes for example an increase of compressor discharge
pressure of 26% for R1336mzz(Z) when comparing the SSD case with
the thermal oil heating case.
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Table 6
Results of the best performing fluids for the superheated steam drying case.
Fluid Plow Phigh PR ATy, AT, copP VHC T,, Cycle IHX
[bar] [bar] [-] [°C] [°C] [-] [kJ/m?] [°C] [-] -]
R1336mzz(Z) 6.2 43.3 6.9 0.0 50.4 4.32 5607 202 TC Yes
R1234ze(Z) 12.1 57.1 4.7 1.5 29.1 4.31 9488 202 TC Yes
R1233zd(E) 9.3 47.8 5.1 1.1 45.5 4.30 7708 202 TC Yes
Cyclobutene 13.1 54.3 4.1 2.3 53.9 4.29 10204 208 TC Yes
Cis-2-Butene 12.8 55.6 4.4 1.5 41.6 4.26 9643 203 TC Yes
Isopentane 6.4 40.0 6.2 0.0 66.2 4.26 5456 202 TC Yes
Pentane 5.3 35.0 6.6 0 75.6 4.20 4746 202 TC Yes
R1224yd(Z) 10.3 55.3 5.4 1.8 34.5 4.20 8256 202 TC Yes
Acetone 3.3 23.1 7.1 2.99 68.0 4.20 3585 222 sC Yes
Ethanol 1.9 22.4 12.0 0.0 64.9 4.13 2817 258 sC Yes
Methanol 3.0 28.5 9.5 0.0 61.3 412 4307 267 e No
Cyclopentane 3.7 26.8 7.3 0.0 79.8 4.03 3732 204 SC Yes
Benzene 1.6 14.2 9.1 0.0 78.2 4.01 1871 209 sC Yes
R1336MZZZ performance but was eliminated from the results because the imposed
2504 COP = 3.26 ) maximum compressor discharge pressure was exceeded due to the low
Pey = 4.86 bar s potential for internal heat exchange.
2259 py = 35.89 bar .
g 200 1 3.3.2. Operating conditions
1754 Similar operating conditions as for the previous case studies are
3 found. Namely that transcritical cycles mostly have more favorable
§ 1501 pressure ratios, VHCs and lower compressor discharge temperatures.
£ 1251 However, again they have high compressor discharge pressures. More-
. 100 4 over, a similar behavior in optimal superheating and subcooling is
P observed as for previous cases.
75
13 14 15 16 17 18 19 20 3.4. Influence of the internal heat exchanger
Specific entropy s (kkg—/K)
Although the use of an IHX is common practice in heat pumps, its
R1336MZZZ influence on the cycle performance for applications with high temper-
250 cor= 432 atures and la.rge terpperature glides at the heat sink is less studied.
Po, = 6.25 bar // Therefore, this section analyzes the effect of the IHX on the cycle
2251 p_, = 43.29 bar s performance for the three considered case studies. Based on the results
O 2004 _ of the three case studies it can be observed that most working fluids
= can attain a higher COP when an IHX is included in the cycle. In
g 1751 order to examine the influence of an IHX on the cycle performance and
8 150 operating conditions, the COP, pressure during heat delivery, pressure
qé 125 ] ratio and compressor discharge temperature for two subcritical fluids
2 and two transcritical fluids are reported in Table 8, both for the
100 4 scenario with IHX and without IHX. Acetone and benzene are selected
75 as subcritical fluids whereas R1336mzz(Z) and R1233zd(E) are selected
as transcritical fluids.
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Fig. 8. T,s-diagram of R1336Mzz(Z), with scaled entropy for the secondary fluid and
isobars, when applied to the thermal oil heating case study (top) and the SSD case
study (bottom).

3.3. Case III: Spray drying with external heat source

The results of the best performing working fluids for the spray
drying with external heat source case study are reported in Table 7.

3.3.1. Working fluids and performance

Now that the heat sink has a temperature glide of 105 K, trans-
critical cycles have even better performance compared to subcritical
cycles. The best performing transcritical cycle with R1336mzz(Z) as
working fluid has a COP of 4.25 while acetone as best performing
subcritical cycle has a COP of 3.96. This corresponds to a COP increase
of 7.3%. Acetone, methanol and ethanol are again the best performing
subcritical fluids while R1336mzz(Z), R1233zd(E) and isopentane are
the best performing transcritical fluids. R1234ze(Z) also showed good

For the thermal oil heating case, it can be observed that the use of
an IHX has a large influence on the heat pump cycle. For R1336mzz(Z)
a COP increase of 22% and a gas cooler pressure decrease of 57% is
observed, while the compressor discharge temperature increased with
about 4 °C. For the other working fluids, smaller but still considerable
COP increases and pressure decreases are being observed. Because of
the decrease in pressure during heat release, the pressure ratio also
decreased. For subcritical cycles however the increase in performance
due to the use of an IHX is typically lower. R1336mzz(Z) showed
an exceptionally strong increase in COP because of its overhanging
fluid saturation curve. More generally, IHXs provide a very efficient
way to avoid wet compression when wet fluids are used. The advan-
tages of the IHX may come at the cost of an increased compressor
discharge temperature. Especially for subcritical cycles, the compressor
discharge temperatures show an increase when making use of an IHX.
For transcritical cycles this is less of an issue.

For the SSD case similar conclusions as for the thermal oil heat-
ing case can be drawn. A difference however, is that now the min-
imum compressor discharge temperature is being achieved for the
transcritical cycles regardless of the use of an IHX.

For the spray drying with external heat source, use of an IHX has
minimal influence on the heat pump cycle states and therefore the COP
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Table 7
Results of the best performing optimized fluids for the spray drying case study with external heat source.
Fluid Prow Phigh PR AT, AT, cop VHGC T, Cycle THX
[bar] [bar] [-] [°Cl [°Cl [-] [kJ/m?] [°Cl [-] -1
R1336mzz(Z) 4.7 53.4 11.3 0.0 71.4 4.25 4855 205 TC Yes
R1233zd(E) 7.2 52.9 7.4 11.4 66.5 4.18 6887 205 TC Yes
Isopentane 5.0 43.1 8.6 11.4 83.4 4.14 4727 205 TC Yes
Cyclobutene 10.4 56.0 5.4 11.4 74.9 4.12 9194 208 TC Yes
Pentane 4.0 36.9 9.1 11.3 90.0 4.03 4009 205 TC Yes
Acetone 2.4 23.6 9.8 11.3 90.3 3.96 2957 222 SC Yes
Methanol 2.1 25.4 12.3 8.1 76.8 3.89 3233 296 SC No
Ethanol 1.2 23.2 18.6 0.0 87.6 3.89 2141 250 sC No
Cyclopentane 2.8 28.7 10.3 111 103.5 3.83 3156 205 SC Yes
Benzene 1.1 15.5 13.6 10.8 104.7 3.77 1528 205 SC No
Table 8 R1336MZzzz
Influence of IHX on two subcritical fluids and two transcritical fluids for the three
lected cudi 2501 COP = 4.03
selected case studies. P., = 4.71 bar
Working fluid IHX CoP Phigh PR T,y 2259 p.4=54.39 bar 9
_ b _ °C —~
[-1 [bar] [-] [°C] 0 2001 g
Case 1: Thermal oil heating =
175 4
v 3.26 35.9 7.4 209.1 =
3
R1336mzz(Z) x 2.67 56.2 11.3 205.0 £ 1504
[
v 3.26 43.1 5.9 217.3 =
£ J
R12332d(E) X 2.80 55.8 7.5 205.0 s 12
3 a
Acetone v 3.34 23.1 9.4 249.9 100 1 i
X 3.18 25.9 10.2 222.6 75 4 q
B v 3.33 13.8 11.7 232.5 T r T T { T
enzene x 3.11 15.6 13.3 205.0 1.3 1.4 1.5 1.6 1.7 1.8 1.9
. K
Case 2: Superheated steam drying Specific entropy s (gg)
v 4.32 43.3 6.9 202.0
R1336mzz(Z) x 3.71 51.0 10.0 202.0 R1336MzzZ
v 4.30 47.8 5.1 202.0 2501 CoP=4.04
R12332d(E) X 4.04 58.1 6.3 202.0 995 Pey = 4.71 bar
1 Pcd =53.38b
Acctone v 417 23.1 7.1 2221 _ «d ar
X 4.05 25.4 7.8 209.5 & 200 4
v 4.00 14.2 9.1 208.6 = 1754
(9l
Benzene x 3.69 14.9 113 202.0 5
ing wi S 150 -
Case 3: Spray drying with external heat source g
€ 125+
v 4.25 53.4 11.3 205.0 g
R1336mzz(2) x 4.24 54.4 11.6 205.0 " oo
v 4.18 52.9 7.4 205.0
R1233zd(E) x 411 59.8 8.3 205.0 75 1
v 3.96 23.6 9.8 221.5 13 14 15 16 17 18 1.9
Acetone : . . . . ' .
X 3.94 24.1 10.0 218.9 Specific entropy s (%()
Benzene v 3.77 15.4 10.6 205.5
X 3.77 15.5 13.6 205.5

and operating conditions. The reason is that the heat sink and heat
source inlet temperatures slightly cross. Consequently, only a limited
amount of heat can be internally transferred as displayed in Fig. 9.

3.5. Influence of flammability

All reported subcritical fluids (e.g. acetone, benzene or methanol)
are highly flammable. For the transcritical cycles, some highly
flammable fluids are observed as well (e.g. isopentane, cyclobutene).
However, HFOs and HCFOs were often the best performing fluids
with transcritical cycles. The HFOs/HCFOs are either inflammable or
mildly flammable. Therefore, if highly flammable fluids or flammable
fluids would not be allowed on the industrial site, the impact for the
transcritical cycles would be minimal, or there would be no impact
at all. For the subcritical cycles however the impact would be larger.
The only appropriate working fluid would be water. Using water as
working fluid for these selected cases shows however lower COPs and
less favorable operating conditions compared to the HFOs/HCFOs. The

Fig. 9. T,s-diagram of R1336mzz(Z), with scaled entropy for secondary fluid, without
(top) and with (bottom) IHX for the spray drying with external heat source case study.

results for water as working fluid for each case study can be found in
Table 9.

This table shows that use of water as a refrigerant is at first sight
less advantageous compared to the HFOs/HCFOs. Firstly, the pressure
during heat extraction is below the atmospheric pressure. In addition
to potential air infiltration this also induces a low density at the
compressor’s inlet and therefore a low VHC ranging from 1065-1477
kJ/m3. The VHCs of the HFOs/HCFOs on the other hand range from
3815-9488 kJ/m>. Moreover, the low pressures during heat extraction
result in large pressure ratios. Pressure ratios in the range of 12.89-
21.20 are observed, whereas for the HFOs/HCFOs they range from 4.7
to 11.7. Furthermore, the compressor discharge temperature is high
(up to 569 °C) when using water as refrigerant. Therefore a large
cooling system will be required, whereas for the HFOs/HCFOs the
compressor discharge temperatures are low and no cooling system is
needed. Compared to the best performing HFO/HCFO, the COP is 5.5%,
15.2% and 22.5% lower for the oil heating case, SSD case and the hot

10
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Table 9
Results of the best performing non-flammable or mildly flammable subcritical cycles for the selected case studies.
Case Fluid Plow Phigh PR AT, AT, CoP VHC T,, HX
[bar] [bar] -1 [°C] [°Cl] [-] [kJ/m’] [°C] -1
0il heating Water 0.58 12.2 21.2 0.0 43.9 3.09 1065 569 No
SSD Water 0.84 10.8 12.9 0.0 62.4 3.75 1477 488 No
Hot air drying Water 0.54 9.8 18.1 0.0 79.1 3.47 1045 534 No
air drying case respectively. Again, it can be observed that for larger Nomenclature
temperature glides, transcritical cycles become more efficient.
GHG Greenhouse gas
4. Conclusion GWP Global warming potential
h Enthalphy (kJ/kg)

A unique thermodynamic model is developed, allowing for robust HC Hydrocarbon
optimization, and is applied to three relevant case studies, namely: HCFO Hydrochlorofluro-olefin
thermal oil heating, spray drying and superheated steam drying. These HEN Heat exchanger network
case studies have heat sink temperature glides of respectively 60 K, 81 HFO Hydrofluro-Olefins
Kand 105 K. IHX Internal heat exchanger

The optimized results show that starting from a heat sink temper-
ature glide of 60 K, transcritical cycles allow for higher COPs. For the
case study with a heat sink temperature glide of 81 K, transcritical
cycles allowed for a COP increase of 4.6% whereas this increased
to 7.3% for the case with a heat sink temperature glide of 105 K.
Transcritical cycles also introduce higher volumetric heating capacities,
require lower pressure ratios and have lower compressor discharge tem-
peratures. Furthermore, for high heat sink temperature glides, cooling
techniques to reduce the compressor discharge temperature increase
the condenser/gas cooler pressure and decrease the COP. Therefore,
from a practical and financial point of view transcritical cycles may
be recommended for heat sink temperature glides below 60 K.

The best performing transcritical working fluids are HFOs and HC-
FOs. More specifically R1336mzz(Z), R1234ze(Z) and R1233zd(E) often
showed the best performance. However, the natural refrigerants cy-
clubutene, cis-2-butene, isopentane and pentane in the transcritical
regime also shows similar thermodynamic advantages over subcritical
cycles. These working fluids, with the exception of cyclobutene and
cis-2-butene, are well-known but are not yet used in the transcritical
regime. For the subcritical cycles, acetone, ethanol and methanol were
marked as best performing working fluids. These working fluids are
not yet introduced for use in high-temperature heat pumps. They are
however highly flammable. If these flammable working fluids would be
neglected, water shows the highest COP as subcritical working fluid.
Unfortunately, water results in strongly reduced COPs and volumetric
heating capacities and strongly increased pressures ratios and compres-
sor discharge temperatures, hence far less favorable financial appraisal
is expected.

The results also shows that optimization of the superheat, and in
particular subcooling, have a large influence on the COP. The degree
of subcooling and superheating should be controlled so that, next to
an already existing pinch point, a new pinch point is almost created at
the location where the refrigerant leaves the heat exchanger. Moreover,
for transcritical cycles, the gas cooler pressure is also of particular
importance.

Furthermore, the influence of an internal heat exchanger was stud-
ied in this work. Internal heat exchangers often allow for a large
increase in COP and a decrease in compressor discharge pressure and
therefore pressure ratio. The influence was especially high for the
transcritical cycles. However, for some scenarios, especially in case
of subcritical cycles, the compressor discharge temperature increased,
although this was not necessarily the case for transcritical cycles. The
potential of the internal heat exchanger however diminishes as the
heat source inlet temperature and heat sink outlet temperature becomes
smaller.

One overall disadvantage of the transcritical cycles is the high com-
pressor discharge pressure. If compressor technologies can be devel-
oped able to handle these high pressures transcritical cycles are supe-
rior compared to subcritical cycles starting from heat sink temperature
glides of 60 K or even lower.
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m Mass flow rate (kg/s)

NFPA National Fire Protection Agency
ODP Ozone depletion potential
ORC Organic Rankine cycle

p Pressure (Pa)

PR Pressure ratio

PPTD Pinch point temperature difference (K)
0 heat transfer rate (W)

SSD Superheated steam drying

SC Supercritical

T Temperature (°C)

TC Transcritical

VHC Volumetric heating capacity (kJ/m>)
W Power (W)
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Table A.1
Working fluid screening.

Short name Short formula  Critical temperature (°C)  Critical pressure (bar)  Passed working fluid screening? ~ GWP < 150? ODP »~ 0?  NFPA health hazard < 4?2  NFPA Reactivity = 0?
1,3-Butadiene C4H6 152.0 43.1 No Yes Yes Yes No
1-Butyne C4H6 158.9 41.4 No Yes Yes Yes No
1-Pentene C5H10 192.6 36.0 No Yes Yes Yes No
2,2-Dimethylbutane C6H14 216.9 31.4 Yes Yes Yes Yes Yes
2,3-Dimethylbutane C6H14 227.5 31.6 Yes Yes Yes Yes Yes
3-Methylpentane C6H14 2329 31.8 Yes Yes Yes Yes Yes
Acetone C3H60 235.0 46.9 Yes Yes Yes Yes Yes
Acetylene C2H2 35.2 59.9 No Yes Yes Yes No
Ammonia (R-717) NH3 132.4 113.6 Yes Yes Yes Yes Yes
Argon (R-740) Ar -122.5 48.6 Yes Yes Yes Yes Yes
Benzene C6H6 288.9 49.1 Yes Yes Yes Yes Yes
Butane (R-600) C4H10 152.0 38.0 Yes Yes Yes Yes Yes
Butene C4H8 146.1 40.1 Yes Yes Yes Yes Yes
Carbon dioxide (R-744) co2 31.0 73.8 Yes Yes Yes Yes Yes
Carbon monoxide co -140.3 34.9 Yes Yes Yes Yes Yes
Carbonyl sulfide Cos 105.6 63.7 No Yes Yes Yes No
Chlorine Cl2 143.7 76.4 No Yes No No Yes
Chlorobenzene C6HS5CL 359.2 45.2 No Yes No Yes Yes
cis-Butene C4H8 162.6 42.3 Yes Yes Yes Yes Yes
Cyclobutene C4H6 174.9 51.5 Yes Yes Yes Yes Yes
Cyclohexane C6H12 280.5 40.8 Yes Yes Yes Yes Yes
Cyclopentane C5H10 238.6 45.8 Yes Yes Yes Yes Yes
Cyclopropane C3H6 125.2 55.8 Yes Yes Yes Yes Yes

D4 C8H2404Si4 313.4 13.5 Yes Yes Yes Yes Yes

D5 C10H3005Si5  345.2 10.9 Yes Yes Yes Yes Yes

D6 C12H36S8i606  372.6 9.6 Yes Yes Yes Yes Yes
DEA C4H11NO2 463.4 49.5 Yes Yes Yes Yes Yes
Decane C10H22 344.6 21.0 Yes Yes Yes Yes Yes
Deuterium D2 —-234.8 16.8 Yes Yes Yes Yes Yes
Dichloroethane (R-150) C2H4CI2 288.5 52.3 No Yes No Yes Yes
Diethyl ether C4H100 193.6 37.2 No Yes Yes Yes No
Dimethyl carbonate C3H603 283.9 49.1 Yes Yes Yes Yes Yes
Dimethyl ether (RE-170) C2H60 127.2 53.4 No Yes Yes Yes No
Docosane C22H46 519.1 11.7 Yes Yes Yes Yes Yes
Dodecane C12H26 385.0 18.2 Yes Yes Yes Yes Yes
Ethane (R-170) C2H6 32.2 48.7 Yes Yes Yes Yes Yes
Ethanol C2H60 241.6 62.7 Yes Yes Yes Yes Yes
Ethylene glycol C2H602 445.9 105.1 Yes Yes Yes Yes Yes
Ethylbenzene C8H10 344.0 36.2 Yes Yes Yes Yes Yes
Ethylene (R-1150) C2H4 9.2 50.4 No Yes Yes Yes No
Ethylene oxide C2H40 195.8 73.0 No Yes Yes Yes No
Fluorine F2 -128.7 51.7 No Yes Yes No No
Heavy water D20 370.7 216.6 No Yes Yes No No
Helium (R-704) He —268.0 2.3 Yes Yes Yes Yes Yes
Heptane C7H16 267.1 27.4 Yes Yes Yes Yes Yes
Hexadecane C16H34 449.0 14.8 Yes Yes Yes Yes Yes
Hexane C6H14 234.7 30.4 Yes Yes Yes Yes Yes
Hydrogen (R-702) H2 —240.0 13.0 Yes Yes Yes Yes Yes
Hydrogen chloride HCl 51.5 83.1 No Yes No Yes No
Hydrogen sulfide H2S 100.0 90.0 No Yes Yes No Yes
Isobutane (R-600a) C4H10 134.7 36.3 Yes Yes Yes Yes Yes
Isobutene C4H8 1449 40.1 No Yes Yes Yes No
Isohexane C6H14 224.6 30.4 Yes Yes Yes Yes Yes
Isooctane C8H18 270.9 25.7 Yes Yes Yes Yes Yes
Isopentane (R-601a) C5H12 187.2 33.8 Yes Yes Yes Yes Yes
Krypton (R-784) Kr -63.7 55.3 Yes Yes Yes Yes Yes
MD2M C10H30Si403  326.3 11.4 Yes Yes Yes Unkown Unkown
MD3M C12H36S8i504  355.8 9.6 Yes Yes Yes Unkown Unkown
MD4M C14H4205Si6  380.1 8.4 Yes Yes Yes Unkown Unkown
MDM C8H24028i3 292.2 14.4 Yes Yes Yes Unkown Unkown
MEA C2H7NO 398.3 81.3 Yes Yes Yes Yes Yes
Methane (R-50) CH4 -82.6 46.0 Yes Yes Yes Yes Yes
Methanol CH40 240.2 82.2 Yes Yes Yes Yes Yes
Methyl linoleate C19H3402 525.9 13.4 Yes Yes Yes Unkown Unkown
Methyl linolenate C19H3202 498.9 13.7 Yes Yes Yes Unkown Unkown
Methyl oleate C19H3602 508.9 12,5 Yes Yes Yes Unkown Unkown
Methyl palmitate C17H3402 481.9 13.5 Yes Yes Yes Unkown Unkown
Methyl stearate C19H3802 501.9 12.4 Yes Yes Yes Yes Yes
Methylcyclohexane C7H14 299.1 34.7 Yes Yes Yes Yes Yes

MM C6H180Si2 245.6 19.3 Yes Yes Yes Unkown Unkown
m-Xylene C8H10 343.7 35.3 Yes Yes Yes Yes Yes
Neon(R-720) Ne -228.8 26.6 Yes Yes Yes Unkown Unkown
Neopentane C5H12 160.6 32.0 Yes Yes Yes Yes Yes
Nitrogen (R-728) N2 -147.0 34.0 Yes Yes Yes Unkown Unkown
Nitrogen trifluoride F3N -39.2 44.6 Yes Yes Yes Unkown Unkown
Nitrous oxide (R-744A) N20 36.4 72.5 No No Yes Unkown Unkown
Nonane C9H20 321.4 22.8 Yes Yes Yes Yes Yes
Novec 649, 1230 C6F120 168.7 18.7 Yes Yes Yes Unkown Unkown
Octane C8H18 295.6 24.8 Yes Yes Yes Yes Yes
Orthohydrogen(R-702) H2 -239.9 13.1 Yes Yes Yes Yes Yes
Oxygen (R-732) 02 -118.6 50.4 Yes Yes Yes Yes Yes
o-Xylene C8H10 357.1 37.4 Yes Yes Yes Yes Yes
Parahydrogen(R-702p) H2 —240.2 12,9 Yes Yes Yes Yes Yes
Pentane (R-601) C5H12 196.6 33.7 Yes Yes Yes Yes Yes
Perfluorobutane C4F10 113.2 23.2 No No Yes Unkown Unkown
Perfluorohexane C6F14 174.9 17.4 No No Yes Unkown Unkown
Perfluoropentane C5F12 147.9 20.6 No No Yes Unkown Unkown
Propadiene C3H4 124.9 52.2 Yes Yes Yes Unkown Unkown
Propane (R-290) C3H8 96.7 425 Yes Yes Yes Yes Yes
Propylcyclohexane C9H18 357.7 28.6 Yes Yes Yes Unkown Unkown
Propylene (R-1270) C3H6 91.1 45.6 No Yes Yes Yes No

(continued on next page)
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Table A.1 (continued).
Short name Short formula  Critical temperature (°C)  Critical pressure (bar)  Passed working fluid screening? GWP < 150? ODP =~ 0? NFPA health hazard < 4?  NFPA Reactivity = 0?
Propylene oxide C3H60 215.0 54.4 No Yes Yes Yes No
Propyne C3H4 129.2 56.3 No Yes Yes Yes No
p-Xylene C8H10 343.0 35.3 Yes Yes Yes Yes Yes
R11 CCI3F 198.0 44.1 No No No Unkown Unkown
R1123 C2HF3 58.6 45.4 Yes Yes Yes Unkown Unkown
R113 C2CI3F3 214.1 33.9 No No No Unkown Unkown
R114 C2CI2F4 145.7 32.6 No No No Yes Yes
R115 C2CIF5 80.0 31.3 No No No Yes Yes
R116 C2F6 19.9 30.5 No No Yes Yes Yes
R12 CCI2F2 112.0 41.4 No No No Yes Yes
R1216 C3F6 85.8 31.5 No Yes Yes Yes No
R1224yd(Z) C3HCIF4 155.5 33.4 Yes Yes Yes Yes Yes
R123 C2HCI2F3 183.7 36.6 No Yes No Yes No
R1233zd(E) C3H2CIF3 166.5 36.2 Yes Yes Yes Yes Yes
R1234yf C3F4H2 94.7 33.8 Yes Yes Yes Yes Yes
R1234ze(E) C3F4H2 109.4 36.3 Yes Yes Yes Yes Yes
R1234ze(Z) C3F4H2 150.1 35.3 Yes Yes Yes Yes Yes
R124 C2HCIF4 122.3 36.2 No No No Unkown Unkown
R1243zf C3H3F3 103.8 35.2 Yes Yes Yes Unkown Unkown
R125 C2HF5 66.0 36.2 No No Yes Unkown Unkown
R13 CCIF3 28.9 38.8 No No No Unkown Unkown
R1336mzz(Z) C4H2F6 171.4 29.0 Yes Yes Yes Yes Yes
R134a C2H2F4 101.1 40.6 No No Yes Yes No
R13I1 CF3I 123.3 39.5 No Yes No Unkown Unkown
R14 CF4 —45.6 37.5 No No Yes Unkown Unkown
R141b C2H3CI2F 204.4 42.1 No No No Yes Yes
R142b C2H3CIF2 137.1 40.6 No No No Yes Yes
R143a C2H3F3 72.7 37.6 No No Yes Unkown Unkown
R152a C2H4F2 113.3 45.2 Yes Yes Yes Unkown Unkown
R161 C2H5F 102.1 50.5 Yes Yes Yes Unkown Unkown
R21 CHCI2F 178.3 51.8 No No No Unkown Unkown
R218 C3F8 71.9 26.4 No No Yes Unkown Unkown
R22 CHCIF2 96.1 49.9 No No No Yes No
R227ea C3HF7 101.8 29.3 No No Yes Yes No
R23 CHF3 26.1 48.3 No No Yes Yes Yes
R236ea C3H2F6 139.3 34.2 No No Yes Yes Yes
R236fa C3H2F6 1249 32.0 No No Yes Yes Yes
R245ca C3H3F5 174.4 39.4 No No Yes Unkown Unkown
R245fa C3H3F5 153.9 36.5 No No Yes Yes Yes
R32 CH2F2 78.1 57.8 No No Yes Yes Yes
R365mfc C4HSF5 186.9 32.7 No No No Yes Yes
R40 CH3Cl 143.2 66.9 No Yes No Yes Yes
R41 CH3F 44.1 59.0 Yes Yes Yes Yes Yes
RC318 C4F8 115.2 27.8 No No Yes Unkown Unkown
RE143a C2H3F30 104.8 36.4 No No Yes Unkown Unkown
RE245cb2 C3H3F50 133.7 28.9 No No Yes Unkown Unkown
RE245fa2 C3H3F50 171.7 34.3 No No Yes Unkown Unkown
RE347mcc (HFE-7000) C4H3F70 164.6 24.8 No No Yes Unkown Unkown
Sulfur dioxide (R-764) 028 157.5 78.9 Yes Yes Yes Yes Yes
Sulfur hexafluoride SF6 45.6 37.5 No No Yes Unkown Unkown
Toluene C7H8 318.6 41.3 Yes Yes Yes Yes Yes
trans-Butene C4H8 155.5 40.3 No Yes Yes Yes No
Undecane Cl1H24 365.7 19.9 Yes Yes Yes Yes Yes
Vinyl chloride (R-1140) C2H3Cl 151.8 55.9 No Yes No Yes No
Water (R-718) H20 373.9 220.6 Yes Yes Yes Yes Yes
Xenon Xe 16.6 58.4 Yes Yes Yes Unkown Unkown
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