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ABSTRACT 
Heat Pumps (HPs) can play a vital role in the decarbonization of heating in industry. The 
performance of a HP strongly depends on the refrigerant, the working fluid within the HP. In order 
to maximize HP performance, systematic selection of the refrigerant is key. Refrigerant choice 
affects the very feasibility of employing a HP to deliver heating to a process. A flexible and robust 
method is required to select refrigerants that are the best fit for a given heating application. A 
computer-aided molecular & process design (CAMPD) method is developed to design the optimal 
refrigerant that is tailored to process needs. The method is applied to three case studies across 
which the HP performance objectives and constraints, and heat source and heat sink temperatures 
are varied. In addition, the design of refrigerants with low (<150) global warming potentials and 
zero ozone depletion potentials is investigated. For all applications across all case studies, the 
CAMPD approach successfully identifies high-performance refrigerants including those that are 
known refrigerants, other known fluids and novel molecules. 
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INTRODUCTION 

Heat consumption in industries worldwide is around 
110 EJ per year [1]. Over 90% of this heat is generated by 
the combustion of fossil fuels, resulting in 21% of global 
carbon dioxide emissions [2]. Heat pumps (HPs) that are 
powered by electrical energy and offer high energy 
efficiencies are a promising alternative heating solution. 
HPs harness heat from a low-temperature heat source 
and upgrade it to an increased, useful temperature by 
utilizing (electro-)mechanical work. HPs are able to utilize 
and both ambient heat or waste heat due to which the 
work input into the HP is only a fraction of the heat they 
supply. HPs can be driven by low-emissions electricity, 
yielding low-carbon heating. 

The working fluid within the HP is known as the 
refrigerant. HPs based on the subcritical vapour 
compression cycle are the focus of this work. In the 
evaporator of the HP, the low-pressure refrigerant takes 
up thermal energy from a (low temperature) heat source, 
at temperature 𝑇𝑇������, and vaporizes. The gaseous 
refrigerant is compressed to a higher pressure and 
temperature in the compressor. In the condenser, the 

high-temperature refrigerant releases thermal energy to 
the heat sink, which is at temperature 𝑇𝑇����, and 
condenses. To complete the cycle, the refrigerant passes 
through the expansion valve (sometimes called a 
throttling valve) that causes a drop in pressure and 
temperature. This process is illustrated in figure 1. 

The application of HPs in the process industries 
necessitates innovation in the design of HPs. HPs may be 
used to deliver heating to a variety of unit operations 
such as distillation columns, dryers and reactors whose 
temperatures are below 200 °C [3]. At the same time, 
several (waste) heat sources whose temperature vary 
between 30 °C and 200 °C are available in the process 
industries [3]. Given the large number of heat sources 
and sinks and the diversity of their temperatures and 
heat duties, HPs and their refrigerants need to be tailored 
to each application to maximize performance. The 
refrigerant in the HP must satisfy manifold requirements: 
(i) the refrigerant must be able to undergo phase 
transitions in both the evaporator and condenser; ii) the 
boiling point of the refrigerant in the evaporator must be 
below 𝑇𝑇������ at pressures above 1 atm (to prevent 
vacuum operations); iii) the critical temperature of the 
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refrigerant must be higher than 𝑇𝑇���� to allow the 
refrigerant to deliver heat by condensation; and iv) the 
refrigerant must be compatible with compressor seals 
and lubricant. 

Apart from the performance of the refrigerant in the 
HP, there are several environmental and safety-related 
implications to the choice of the refrigerant. Refrigerants 
containing chlorine can have high ozone depletion 
potentials (ODPs) and have been phased out by the 
Montreal protocol [4]. They have been replaced by 
fluorinated refrigerants, many but not all of which have 
very high global warming potentials (GWPs), exceeding 
the regulatory limit of 150 [5]. Several fluorinated 
molecules are either expected to be phased out or are 
already banned due to their high GWPs, toxic 
degradation products, and pervasiveness in the 
environment [5]. Natural refrigerants, which include 
molecules such as alkanes, alkenes, and ammonia, are a 
promising alternative class of refrigerants. However, 
several of these are highly flammable, restricting their 
use across settings. Water and carbon dioxide are non-
flammable natural refrigerants that offer high safety and 
good performance for a limited range of temperatures.  

Given the shortcomings of known refrigerants, the 
discovery of new refrigerants is essential. Further, it is 
crucial to systematically select the best-fit refrigerant 
considering both process-specific needs (heat duties, 
temperatures) as well as the availability of waste heat 
streams (heat capacities and temperatures). In addition, 
the refrigerant must comply with environmental and 
safety-related regulations, e.g., the GWP of the 
refrigerant must be lower than the legal limit. 

Most previous computational techniques for 
refrigerant selection use a screening process, where all 
molecules within a chemical database are examined to 
find those with desirable properties or performance. 
Examples of such studies include [6], [7], [8].  

Computer-aided molecular & process design 
(CAMPD) is an alternative that can be used to identify 
best-fit refrigerants. In this framework, an optimization 
problem is formulated to find the optimal refrigerant and 
process conditions of the HP. [9] applied CAMPD to find 
refrigerant candidates for a domestic HP using detailed 
process models including a sophisticated compressor 
model. 

In this work we simultaneously find the refrigerant 
and the process variables that satisfy performance 
constraints and maximize the thermodynamic 
performance of a subcritical vapour compression 
industrial HP, using a CAMPD approach. The best 
possible pure-component refrigerant, be it a known 
refrigerant, other known fluid, or a novel molecule, is 
identified from within a large molecular design space. To 
the best of our knowledge, this is the first CAMPD study 
on the basis of rigorous thermodynamic models that is 

applied to high-temperature industrial HPs and that also 
considers the environmental properties of the refrigerant. 
In this work, we systematically investigate the use of 
CAMPD to design HPs by i) varying heat source and heat 
sink temperatures; ii) varying HP performance objectives; 
and iii) restricting refrigerants to be low-GWP and zero-
ODP. We also benchmark the performance of designed 
refrigerants against known refrigerants to study the 
effectiveness of this CAMPD approach.  

 
Figure 1. A diagram of a vapour compression HP cycle. A: 
Evaporator; B: Compressor; C: Condenser; D: Expansion 
valve 

CAMPD OF HP 

The HP cycle is modelled in gPROMS Process 
2024.1.0 using MESH (Mass, Equilibrium, Summation, and 
Enthalpy) models. These models do not consider sizing 
or costing of HP equipment. Several assumptions are 
made in modelling the HP. The heat source and heat sink 
are isothermal reservoirs at temperatures 𝑇𝑇������ and 𝑇𝑇����, 
respectively. The evaporator and condenser are isobaric 
at pressures 𝑃𝑃���� and 𝑃𝑃����, respectively. The compressor 
has an izentropic efficiency of 70%, and the motor and 
drivetrain have a combined efficiency of 95%. The 
expansion valve is izenthalpic. There are no pressure 
drops or heat losses in the connections between unit 
operations. 

The performance of the HP cycle is quantified using 
two metrics: coefficient of performance (COP) and 
volumetric heating capacity (VHC). The COP, a measure 
of energy efficiency, is the ratio of heat delivered to the 
heat sink (𝑄𝑄���) to compressor power consumption (𝑊𝑊��). 
The VHC is the energy delivered to the heat sink per unit 
volume of refrigerant at the compressor inlet (𝑉𝑉 ����.�����), 
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i.e., 𝑉𝑉𝑉𝑉𝑉𝑉 = ����
�����.�����

. VHC is indicative of the sizing of the 

HP. The temperature lift 𝛥𝛥𝑇𝑇���� of the HP is given by 
𝛥𝛥𝑇𝑇���� = 𝑇𝑇���� − 𝑇𝑇������. 

Process-level Degrees of freedom. 
In the optimization of this HP model, the following 

process-level degrees of freedom are considered as 
continuous decision variables: 

The condenser pressure 𝑃𝑃���� 

The condenser subcool 𝛥𝛥𝛥𝛥��� 

The evaporator pressure 𝑃𝑃����  

The evaporator superheat 𝛥𝛥𝛥𝛥����� 

In addition, the chemical composition of the 
refrigerant is a decision variable. The refrigerant is 
represented using a vector of integers 𝒏𝒏, where each 
element of the vector 𝑛𝑛� represents the number of 
occurrences of functional/atomic group 𝑖𝑖 in the 
refrigerant. For example, to represent butanol, the vector 
elements corresponding to -OH, -CH2-, and -CH3 would 
be set to 1, 3, and 1, respectively, and all other elements 
of 𝒏𝒏 would be set to 0. 20 chemical groups are allowed in 
the refrigerant, as outlined in Table 1. Up to 10 
occurrences of each group are allowed in the molecule, 
other than >N- which can take a maximum value of 1 to 
avoid complex branching structures. The group -cO- 
refers to an oxygen atom that is attached to two -CH2- 
groups, and the -eO- group is an (end) ether group in 
which the oxygen atom is connected to a -CH3 group. 

Table 1: The groups considered in the CAMPD problem. 

Chemical family Groups 

Hydrocarbons -CH2-, -CH3,  
Olefins =CH2, =CH- 
Alcohols, carboxylic acids 
ethers, esters, and ketones 

-OH, -eO-,  
-cO-, >C=O, -COO,  
-COOH 

Chlorocarbons -CHCl2, -CH2Cl 
Fluorocarbons -СF3 -СHF2, -СH2F, -

СF2-, -CHF- 
Amines -NH2, -NH-, >N- 

Group contribution methods (GCMs) 
Group contribution methods (GCMs) are used to 

estimate physicochemical properties of the refrigerant, 
which is described by its chemical composition vector 𝒏𝒏. 
The group contribution equation of state (EoS) SAFT-γ 
Mie [10] is used to predict the thermodynamic properties 
of the refrigerant molecule both as a function of 𝒏𝒏 and its 
state (temperature, pressure) in the process. SAFT-γ Mie 
was chosen for its accuracy in predicting both calorific 
properties and vapour-liquid equilibria, its ability to 

describe a wide range of refrigerants and fluids, and its 
proven use in similar CAMPD problems [11]. The SAFT-γ 
Mie EoS is included in the inbuilt gProperties tool in 
gPROMS Process, which is used to compute 
thermodynamic properties. The parameters for the 
fluorinated groups are taken from Martínez [12] and all 
others are taken from the gProperties databank. 

While the SAFT-γ Mie EoS can predict all 
thermodynamic properties of fluids, the accuracy of 
critical point predictions is typically low. Thus, a first-
order semi-empirical group contribution model was 
chosen to model the critical point. [13] was chosen for its 
higher accuracy in comparison to two other methods 
[14], [15] for a small test of molecules. 

The work of [16] is used for GWP prediction. Again, 
only first-order group contributions are considered. For 
groups with no computed GWP contribution, such as -
CH2-, the contribution is assumed to be negligible and is 
set to 0. However, this approach did not account for the 
significantly reduced GWP of molecules with double 
bonds - the atmospheric lifespan of these molecules is 
greatly reduced which causes them to have a lower GWP. 
Therefore, we parameterized first-order contributions for 
=CH- and =CH2 groups by regressing to GWP data from 
[17]. The contribution calculated for =CH- is -1.618305, 
and for =CH2 is -0.502935. 

Objectives & Constraints 
The CAMPD problem is formulated to maximize one 

of two objective functions: COP, and VHC. The design 
problem is subject to process-related constraints to 
ensure feasible operation of the subcritical HP cycle. 
Molecular feasibility constraints are added to ensure that 
the octet rule is satisfied for all atoms in the molecule. 
Several new molecular feasibility constraints are 
introduced to prevent molecules that are known to be 
unstable stable such as geminal diols, geminal amines, α-
haloalcohols, peroxides and peracids. Further, for 
molecules that exhibit keto-enol and amine-imine 
tautomerism, the enol and amine forms that are typically 
unstable in aliphatic molecules are excluded. The 
process constraints and molecular feasibility constraints 
are listed in the supplementary information (SI). 

Experiments 
The full MINLP is implemented in gPROMS Process 

2024.1.0 using gProperties v2.8 and solved using the 
MINLPOA solver which is based on the outer 
approximation algorithm [25] with equality relaxation and 
augmented penalty. This algorithm works by sequentially 
solving a primal continuous nonlinear program (NLP) and 
a master mixed-integer linear program (MILP). The NLP 
is solved using the NLPSQP algorithm. 
 Only local optima of this non-convex problem are 
obtained by solving the MINLP. To obtain high-quality 
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solutions, integer cuts are used to re-solve each design 
problem while excluding previous solutions. The integer 
cut is as is shown in Equation 1 ([18], [19]), where 𝒑𝒑 is a 
vector of the first 20 prime numbers, 𝑀𝑀 is a sufficiently 
large number, 10, 000 for this problem, 𝒏𝒏��� is the solution 
to be excluded, 𝑦𝑦 is a binary decision variable, and 𝜖𝜖 is a 
tolerance, which is set to 2 in this case.  

𝑀𝑀𝑀𝑀 + 𝜖𝜖 < 𝒑𝒑�𝒏𝒏��� − 𝒑𝒑�𝒏𝒏 < 𝑀𝑀(1 − 𝑦𝑦)− 𝜖𝜖   (1) 

Computational experiments are performed to 
observe how the solution changes across different 
source-sink temperatures, design objectives, and 
constraints. The experiments are run from source 
temperatures of 340 K to 420 K and sink temperatures of 
360 K to 440 K at temperature intervals of 20 K. For each 
source-sink temperature pair, the MINLP optimization is 
solved 4 times using 3 successive integer cuts to 
generate 4 different candidate solutions. The best-found 
solution found over the 4 runs is then reported for each 
temperature pair. The initial guess for all MINLP solves is 
fixed and given in the SI. In order to facilitate these 
experiments a computer program was developed in C++ 
to call gPROMS optimizations through the gO:RUN 
feature at the specified source-sink temperatures and to 
automatically apply the integer cuts.  

Table 2: Summary of experiments 

Case  Objective Additional Restrictions 
1 𝑉𝑉𝑉𝑉𝑉𝑉 None 
2 𝐶𝐶𝐶𝐶𝐶𝐶 None 
3 𝐶𝐶𝐶𝐶𝐶𝐶 Constraint on GWP (<150 as per 

EU F-gas regulations), zero ODP 
enforced by removal of chlorine 
containing groups. Restricted 
design space through removal 
of nitrogenated and fluorinated 
groups. 

 
The results are benchmarked against four existing 

refrigerants that are already being used in high 
temperature HPs [20]. The benchmark refrigerants are 
ammonia (R-717), pentane (R-601), 1, 1, 1, 3, 3-
pentafluoropropane (R-245fa), and water (R-718). These 
were chosen as benchmarks in this study because they 
collectively cover a wide range of feasible operating 
temperatures and chemical families. For each source-
sink temperature pair, the refrigerant was fixed to each 
benchmark fluid and the COP and the VHC were 
maximized. 

RESULTS AND DISCUSSION 

Benchmarks 
In Table 3, the best of the four benchmark fluids with 

the highest value of COP is shown for each source-sink 
temperature pair. Similarly, the best benchmark fluid with 
VHC as the design objective has also been identified 
(results shown in SI). The name of the highest-COP 
benchmark for each source-sink pair is given. Below the 
name is the optimized value of the objective. In Table 3, 
pentane dominates at lower source temperatures, being 
the top benchmark for 9 out of 15 source-sink 
temperature pairs. Pentane is the only molecule feasible 
at all source-sink temperature pairs. At higher 
temperatures, water emerges as the best benchmark 
fluid.  

Table 3: Best of four benchmark refrigerants for COP at 
varying source and sink temperatures. 

 

Case 1: Maximization of VHC 
In Table 4, for each source-sink temperature pair, 

the best-found refrigerant molecule for maximizing the 
VHC, after applying 3 integer cuts, is shown. The 
ASHRAE code is given in brackets whenever the 
designed molecule is a known refrigerant. The value of 
the VHC is given in bold in MJ m-3. In brackets next to 
this, is the percentage change in VHC compared to the 
benchmark fluid that achieves the highest VHC for a 
given source-sink temperature.  

For any fixed source temperature, the VHC reduces 
as the 𝛥𝛥𝛥𝛥���� increases. The maximum VHC observed was 
15.14 at 𝑇𝑇������ = 420 K, 𝑇𝑇���� = 440 K and the smallest 𝛥𝛥𝛥𝛥���� 
value of 20 K. The minimum was 1.74 at 𝑇𝑇������ = 340 K, 
𝑇𝑇���� = 440 K which is at the largest 𝛥𝛥𝛥𝛥���� value of 100 K.  

The results indicate the refrigerant that maximizes 
the VHC varies with source-sink temperatures. 6 distinct 
optimal refrigerants were identified. In 3 out of the 15 
tested instances, the VHC values obtained by CAMPD 
were up to 73.1% lower than that of ammonia, the best 
benchmark fluid for those instances. It is worth noting 
that ammonia was not included in the design space of the 
CAMPD problem and, thus, could not have been found as 
a solution. For 12 out of 15 instances, the use of CAMPD 
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resulted in large improvements of VHC over the best of 
the benchmark fluids. Methyl chloromethyl ether yielded 
a 194.9% increase in VHC when compared with pentane 
(R-601), the best benchmark fluid at 𝑇𝑇������ = 340 K and 
𝛥𝛥𝛥𝛥���� = 80 K. 

The known common refrigerant R-143 was found to 
be optimal in 2 out of 15 instances. Several novel 
refrigerants were identified. Two olefins – 1, 2-butadiene 
and 3, 3-difluoropropene- were found in this case study. 
3, 3-difluoropropene belongs to the hydrofluoroolefin 
family of refrigerants, several of which have been 
examined in HPs, due to their high COPs, low GWPs and 
low flammability. Two novel oxygenated refrigerants, 
methyl chloromethyl ether and methanol, were identified; 
methanol is found to be an excellent candidate in other 
case studies as well. The novel hydrochlorofluorocarbon 
(HCFC) 1-chloro-2, 2-difluoroethane was also identified; 
HCFCs have been widely used as refrigerants.  

The average pressure ratio across all 15 instances 
was 8.8 with a maximum pressure ratio of 20.25. Most 
compressor types are able to achieve pressure ratios up 
to 10, and screw compressors can achieve pressure 
ratios up to 20 [20]. 𝛥𝛥𝑇𝑇����� was negligible for all 
instances; however, 𝛥𝛥𝑇𝑇��� was consistently high, often 
reaching the upper bound of 100 K. These results are all 
expected because condenser pressures are increased in 
order to maximize the energy that is delivered by unit 
volume of refrigerant. In case 1, the average solve time 
was 129.4 seconds, with a maximum of 693.7 and 
minimum of 7.3. 

Case 2: Maximization of COP 

In Table 5, the refrigerant that maximizes the COP 
for each source-sink temperature pair is shown. This 
refrigerant corresponds to the best-found solution after 
3 integer cuts. If the designed molecule is a known 
refrigerant, the ASHRAE code is given. The value of the 
COP achieved by the refrigerant is shown in bold. In 
brackets, the percentage change of this COP value with 
respect to the COP of the best benchmark fluid for that 
source-sink temperature pair is shown.  

The COP values in Table 5 illustrate the dependence 
of the performance of the HP on source-sink 
temperatures and temperature lifts. For each 𝑇𝑇������, the 
COP decreases as 𝑇𝑇���� increases, i.e. as 𝛥𝛥𝛥𝛥���� increases. 
For any fixed value of 𝛥𝛥𝛥𝛥����, higher COPs are obtained 
when 𝑇𝑇���� is higher. The maximum obtained COP is 9.47 
by the refrigerant 2-fluoroethanol at 𝑇𝑇���� = 440 𝐾𝐾. 
Fluorinated alcohols are not common refrigerants. 

The results demonstrate that the choice of objective 
function strongly impacts designs, including the choice 
of optimal refrigerant. For all of the 15 source-sink pairs 
that are tested, the refrigerant that maximizes the COP 
(Table 5) is distinct from the refrigerant that maximizes 
the VHC (Table 4). 

The results indicate the refrigerant that maximizes 
the COP varies with source-sink temperatures. For the 15 
total source-sink pairs that are tested, 7 distinct optimal 
refrigerants were identified. 3-Fluoropropene (also 
known as allyl fluoride) was the most common solution in 
case 2, appearing as the best-found solution for 7 out of 
15 temperature pairs. This is a known compound but has 
no documented use as a HP refrigerant. A novel 
fluorinated amine molecule, fluoromethylamine, was 

Table 4: Maximization of VHC for case 1 at varying source and sink temperatures. 
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identified in this case study. Methyl vinyl ketone, despite 
being a stable compound, is known to be toxic and 
reactive which decrease its suitability as a refrigerant. 

In case 2, improvements to the COP have been 
observed for 12 out of 15 source-sink pairs when 
compared with the best benchmark, illustrating the 
benefits of selecting a refrigerant tailored to the 
application. A COP improvement of 115.9% was obtained 
by choosing methanol as the refrigerant. Screening 
studies [6] and [8] which examined a small set of 
molecules have also found methanol to be a promising 
refrigerant. 

Similarly, acetone which is the best-fit refrigerant at 
360 K has been found to be a high-performance 
refrigerant in a screening study [8] that examined 147 
molecules. It is highly promising that the CAMPD 
framework which is using optimization to implicitly search 
through a large design space with 2 ∗ 1119 possible 
combinations of groups has also been able to identify 
these high-performance fluids.  

In case 2, the pressure ratio increased as 𝛥𝛥𝛥𝛥���� 
increased. The maximum pressure ratio observed was 
25.0 at the maximum 𝛥𝛥𝛥𝛥���� of 100 K, for methanol. The 
minimum pressure ratio was 1.94 observed at 𝛥𝛥𝛥𝛥���� =
20 K and 𝑇𝑇������ = 420 K. Other than the highlighted case 
for methanol, all other pressure ratios were below 20 and 
were indeed below 10 for 9 out of the 15 source-sink 
pairs. Pressure ratios above ten were only observed at 
high values of 𝛥𝛥𝛥𝛥���� of 80 K and 100 K. This highlights that 
the design of high temperature lift HP cycles is indeed 
more challenging than cycles with low 𝛥𝛥𝛥𝛥���� and 

necessitates the addition of equipment-related 
constraints. 𝛥𝛥𝑇𝑇����� and 𝛥𝛥𝑇𝑇��� remained negligible for all 
results in case 2. Case 2 had an average total solve time 
of 29.9 seconds across all MINLP solves, with a maximum 
solve time of 193.5 seconds and a minimum of 5.5 
seconds.  

Case 3: Maximizing COP with GWP, ODP, & 
Design Space Constraints 

In Table 6, the best low-GWP and zero-ODP 
refrigerant that is found for each source-sink 
temperature pair is shown. GWP values are constrained 
to be below 150 in accordance with environmental 
regulations [5]. If the refrigerant at the best solution is 
known, the ASHRAE code is given in brackets. The COP 
value is shown in bold. The refrigerant design space is 
much more restricted in case 3. Chlorinated molecules 
are removed from the search space to obtain zero ODP 
refrigerants; fluorinated molecules are disallowed as 
these may be phased out; and we also exclude 
nitrogenated molecules. 

For case 3 all of the obtained solutions are 
oxygenated molecules, as shown in Table 6. Methanol 
was found to be the best-fit low-GWP refrigerant in 13 
out of 15 instances. It is not currently used in vapour-
compression HPs but several computational studies ([6], 
[8]) have indicated methanol to be a high-performance 
refrigerant for HPs. [6] found methanol to be a high 
performing refrigerant for high temperature HPs, for COP 
at condensing temperatures of around 200 °C . [8] found 
methanol to be a top performing subcritical HP 
refrigerant alongside acetone and ethanol. While 

Table 5: Maximization of COP for case 2 at varying source and sink temperatures. 

 



 

Sandham et al. / LAPSE:2026.0461 Syst Control Trans 5:2066-2073 (2026) 2072  

methanol is not yet used in industrial vapour-
compression HPs, it is likely to be widely used given its 
superior heat transfer properties and low viscosity. It is 
used in adsorption HPs, and organic Rankine cycles. 

For the highest source temperature pair of 𝑇𝑇������ =
420 K, 𝑇𝑇���� = 440 K, acetic acid was found to be the best 
refrigerant. [21] theorize that formic acid, a molecule that 
is highly similar to acetic acid, is a promising refrigerant 
for high-temperature HPs. Formic acid is a small molecule 
that is not included in the molecular design space of this 
work: SAFT-γ Mie parameters that describe the entire 
molecule as a single group are available. By fixing the 
refrigerant to formic acid, the optimal COP at 𝑇𝑇������ =
420 K and 𝑇𝑇���� = 440 K was found to be 9.46 which is 4.9% 
higher than that of acetic acid.  

Table 6: Maximization of COP for case 3 at varying 
source and sink temperatures.  

 

While acetone, acetic acid, and methanol are all 
stable compounds with several industrial uses, their chief 
drawback is their flammability. These flammable 
refrigerants may be used in industry and even homes 
with appropriate controls and safety features. 

Interestingly, imposing constraints on GWP, ODP 
and restricting the molecular design space led to only 
modest reductions in COP, on average solutions were 
1.7% worse, ranging from +3.0% to -8.6% in comparison 
with case study 2 (Table 5). The optimization took an 
average time of 11.8 seconds, notably shorter than case 
2, which is to be expected with a smaller design space. 
The average solve time was 11.8 seconds, with a 
maximum of 37.9 seconds and a minimum of 3.4 
seconds. For 8/60 optimizations in this case study alone, 
the optimization solver failed to converge to a solution. 
All of these failures occurred after the addition of the 
third integer cut which may be due to the presence of 
additional constraints in this case study. 

CONCLUSIONS 

This paper takes a multi-scale process systems 
engineering approach to the design of industrial HPs 
leveraging process modelling, equations of state and 
optimization. Industrial HPs with high COPs and high 
VHCs were designed in this work for a range of source-
sink temperature pairs, demonstrating their potential to 
decarbonise heat in the chemical industry. In addition, 
low-GWP and zero-ODP refrigerants that maximize the 
COP were designed. The results of case studies 1 and 2 
illustrate that there is no single universal optimal 
refrigerant for all use cases: the optimal refrigerant and 
process conditions vary with source and sink 
temperatures, objectives, and design constraints. The 
results highlight the intrinsic link between refrigerant and 
heat-pump performance. COP was maximized in cases 2 
and 3 in an average of 20.9 seconds. The optimization 
implicitly searched through a vast molecular design 
space with combinations of groups to identify high-
performing refrigerants for each source-sink pair. 
Refrigerants identified in this work include known 
refrigerants, known fluids that other authors have found 
to be promising and a few novel molecules. First-order 
GCMs were used to predict physical properties in this 
work, which may lead to lower-accuracy solutions. 
Validation steps that consider structural information of 
the molecule are necessary. For case study 3, we used 
literature data where available to certify that the 
identified known molecules indeed had low GWP and 
zero-ODP. Compressor ratios and discharge 
temperatures were not limited in this study, and this will 
be the subject of future work. 

DIGITAL SUPPLEMENTARY MATERIAL 
The digital supplementary material includes the 

process constraints, VHC benchmarks, and initial values 
for decision variables. This can be found at the following 
link: https://psecommunity.org/LAPSE:2026.0039 
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