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Abstract

This study presents a multi-objective optimization of a moderately high-temperature heat pump (HTHP)
prototype using the low-global-warming-potential refrigerant R-450A, aiming to identify an optimal balance
between energy performance and economic benefits. Building upon previous experimental work, empirical
grey-box models derived from steady-state tests serve as the foundation for simulating the HTHP operation
under various condensation temperatures (70, 80, 90, and 100 °C) and heat source conditions represented by
different district heating networks. The optimization process utilizes a genetic algorithm to vary the
evaporation temperature and compressor frequency, aiming to maximize both the coefficient of performance
and the net hourly economic benefit. Results reveal a trade-off between these objectives: while higher
evaporation temperatures generally improve both performance and hourly net cash-flows, reducing compressor
frequency favors energy performance but can decrease profitability. The Pareto fronts derived illustrate that
the real optimum operating points offer a balanced compromise, yielding significant cost savings without
substantial losses in performance. An environmental assessment reveals that even under unfavorable high
condensation temperatures, the real optimum point reduces carbon dioxide emissions for HTHP operation,
emphasizing its environmental advantage. Conversely, maximizing economic gains slightly reduces
environmental benefits, while maximizing the coefficient of performance alone is the least economically
favorable solution. These findings underscore the importance of integrated optimization strategies that consider
both economic and environmental dimensions in HTHP operation. The study also highlights the influence of
regional electricity mix and energy market conditions on results, suggesting the need for tailored analyses in
different contexts.
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1. Introduction

In 2024, the average global temperature exceeded 1.5 °C above pre-industrial levels for the first time. [1],
underscoring the urgent need to accelerate greenhouse gas emission reductions in key high-emitting sectors.
Industrial process heat accounts alone for approximately 18% of total global annual greenhouse gas emissions,
equivalent to the combined emissions of the United States and India [2]. Despite the critical importance of
decarbonizing this sector, the share of renewable energy used for industrial heat supply increased only
modestly, from 10% to 12%, between 2015 and 2023 [3]. In this context, electrification turns out to be one of
the most suitable solutions not only for low-temperature, but also medium- and high-temperature heat supply
in industry [4] and high-temperature heat pumps (HTHPs) are expected to play a crucial role in the long-term
decarbonization strategy of the industrial sector [5].

15th IEA Heat Pump Conference 2026 - THN1.2 - https://doi.org/10.23697/c1vw-1h31


https://doi.org/10.23697/c1vw-1h31

15th |EA Heat Pump Conference 2026 - THNL1.2 - https://doi.org/10.23697/c1vw-1h31

1.1. Background and literature review

While heat pumps are already well-established for domestic heating and cooling, there remains significant
potential for technological advancements in high-temperature industrial applications [6]. Numerous scientific
studies investigate ways to improve energy efficiency by combining HTHPs with thermal energy storage
systems [7], utilizing waste heat [8], or integrating them with renewable energy sources [9] under various
working conditions. The performance of HTHPs is typically evaluated based on the refrigerant used [10], the
working configuration [11], and temperature levels [12], also adopting multi-purpose optimization techniques.
Branchini et al. [13] employ a multi-purpose approach that combines thermodynamic modeling with the
selection of design parameters to assess the adoption of HTHPs in the ceramic tile industry, incorporating
innovative waste heat recovery systems. Dong et al. [14] propose a bi-level programming model based on a
Getser-inspired algorithm. In the first level, the performance of HTHP under various working conditions is
evaluated. In the second level, different system configurations are generated and ranked using an improved
non-dominated sorting genetic algorithm. Li et al. [15] apply an optimization method to a trans-critical HTHP
with CO; to address the phase equilibrium challenges introduced by the ejector. In the work by Vannoni et al.
[16], the techno-economic performance of large-scale vapor compression systems is analyzed and optimized,
considering the type of working fluid, source and supply temperatures, and addressing the significant
knowledge gap related to their interdependence. The optimization process carried out by Xu et al. [17] aims to
select the most suitable working fluid for the operation of HTHPs in various configurations. It employs the
Non-dominated Sorting Genetic Algorithm II (NSGA-II) algorithm, using the COP and volumetric heating
capacity as objective functions.

Optimizing the working conditions of HTHPs typically involves trade-offs between potentially conflicting
requirements [18]. High electricity prices relative to natural gas are often identified as one of the main barriers
to the widespread adoption of heat pumps for industrial heat supply in place of traditional boilers [19]. Jesper
et al. [20] highlight that the interest rate, natural gas price, and electricity price all significantly affect the
economic performance of heat pumps in industrial applications. The competitiveness of HTHPs in industrial
applications is also evaluated in the study by Obrist et al. [21], which demonstrates that implementing seasonal
flexibility is essential for optimal operation and for mitigating the impact of rising electricity prices during
winter and spring. Cortvriendt et al. [22] consider a fixed carbon tax of 150 €tCO; in the comparison of a heat
pump system, an electric heater, and a natural gas boiler. The economic analysis conducted by Ma et al. [23]
on an HTHP designed for steam supply considers not only the revenue from steam sales but also the economic
benefits of industrial waste heat recovery in calculating the annual net profit. Sadeghi et al. [24] demonstrate
the cost-effectiveness of an HTHP integrated with district heating networks (DHNSs) as heat sources compared
to electric or natural gas boilers. However, the cost-effectiveness of the proposed solution can increase
significantly when free heat sources, such as air or waste heat, replace the DHN. In a previous publication [25],
the authors analyzed a moderately HTHP prototype using R-450A and compared it with a conventional natural
gas-fired boiler. A simulation-based approach is adopted, in which the HTHP is assumed to interact with
various generations of DHN. The results demonstrate that the temperature lift significantly influences the
performance of the HTHP, making its interaction with low-temperature DHNs or district cooling networks less
favorable from both energy and environmental perspectives. Conversely, HTHP achieves economic savings
over the conventional boiler only in configurations where heat is not purchased from the DHNs, that is,
scenarios that are nonetheless less advantageous in terms of energy performance and environmental impact.

1.2. Aim of the paper

This paper builds on the main findings of the literature review and deepens the analysis conducted by the
authors in a previous work [25]. This research aims to revisit the previous results and identify an optimal trade-
off between the energy, environmental, and economic benefits of a moderately HTHP prototype using R-450A
and interacting with various generation DHNSs. In doing so, the study contributes to a broader scientific effort
that addresses the variability of HTHP operating conditions for assessing their advantages over conventional
systems. At the same time, it expands the analytical scope by applying a unified optimisation framework that
balances energy and economic objectives, thereby moving beyond a focus solely on energy performance and
environmental impact.
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2. Methods
2.1. Experimental equipment

The single-stage vapor compression system with the liquid-to-suction heat exchanger (LSHX) investigated
in this study is shown in Figure 1. It includes a semi-hermetic compressor (maximum power input of 7.6 kW,
displacement of 22.7 m%h, 1450 rpm at 50 Hz) equipped with a frequency inverter. The evaporator and the
LSHX are both brazed plate heat exchangers, whereas the condenser is a finned-tube heat exchanger. The
system incorporates an eclectronic expansion valve with a bypass that regulates valve opening, thereby
controlling the activation of the LSHX. Additional components include a liquid receiver, oil separator, filter
drier, sight glass, and various safety devices. The heat source is simulated by a secondary closed-loop circuit
containing ethylene glycol and an 80 L buffer tank. Three electric resistances are installed in this loop, with a
total heating capacity of 14.6 kW. A proportional-integral-derivative (PID) controller regulates one of the
resistances by monitoring and adjusting the evaporation temperature. PID controllers manage the fan frequency
inverter to regulate the condensation temperature, too, as well as the electronic expansion valve. A personal
computer collects all measured data at one-second intervals, with a data acquisition system enabling real-time
visualization. Steady-state conditions are considered achieved when both condensation and evaporation
temperatures stabilize within a £1 K range. Under these conditions, data recording begins and continues for 20
minutes. Final steady-state results are obtained by averaging the raw measurement data over this period.
Additional thermodynamic steady-state properties are estimated using REFPROP v10.0 [26]. As anticipated,
the refrigerant used in the experimental tests is R-450A, a non-flammable, low-toxicity mixture of the
hydrofluorocarbon R-134a and the hydrofluoroolefin R-1234ze(E), with a global warming potential (GWP) of
547.
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Figure 1. Layout of the experimental rig.

The wide range of conditions reproduced with the LSHX OFF is summarised in Table 1, where TEV4P,
TCOND & £COMP = pR = COP and Q5PN represent the evaporation temperature, condensation temperature,
compressor frequency, pressure ratio, coefficient of performance, and condenser load, respectively. TEV4P
varies between 2 and 40 °C, while T°N? ranges from 45 to 85 °C. Figure 2 shows the P-h and T-s diagrams
for conditions with the minimum and maximum PR, which are 30-65 °C and 2-65 °C, respectively.

Table 1. Operating conditions tested.

TEVAP  TCOND — ¢COMP  pp  cop  (COND
¢l rca Mg [ [ [-]
19.7 65.2 35.0 35 42 14.7
29.4 65.2 35.0 26 47 17.6
39.6 79.8 35.0 2.7 3.6 19.0
40.3 84.9 35.0 29 3.0 17.5
2.4 45.2 40.0 39 39 10.3
9.4 55.5 40.0 39 39 12.6
10.4 65.2 40.0 47 32 11.6
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9.8 74.8 400 59 26 10.1
19.6 79.7 400 48 27 12.6
29.8 79.7 450 36 32 17.4
34.6 84.9 400 35 29 17.7
1.8 55.5 450 51 32 10.5
1.3 65.2 450 64 26 9.3
9.8 79.7 500 6.6 24 12.5
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Figure 2. P-h diagram for the condition 30-65 °C (a). T-s diagram for the condition 30-65 °C (b). P-h diagram for the condition 2—-65 °C
(c). T-s diagram for the condition 2—65 °C (d).

2.2. Simulation models

The results of the experimental tests with the LSHX turned off served as the basis for developing grey-box
empirical models of the HTHP. These models were constructed using multivariable linear regression analysis
applied to the experimental data [25]. The corresponding model coefficients, presented in Table 2 and applied
in Eq. (1), are used in this study within a simulation-based optimisation framework. The aim is to balance two
conflicting objectives: improving the energy performance and maximising the economic benefits of the
moderately-HTHP supplying thermal energy at different temperatures and operating with various heat sources,
namely different generation DHNs. Specifically, Eq. (1) has been used to estimate f¢°MP QS9NP and PR
as functions of TEVAP TCOND and fCOMP 1n particular, TEVAP and fC°MP are the decision variables in
the optimisation process, as detailed in the following section.

Table 2. Coefficients of the linear multi-variable empirical models built using experimental data.

Function a b c d
COP [-] 0.0467  -0.0663 -0.0168 7.7584
PR [-] -0.1288  0.0965  0.0109 -0.5335

QSOPNP [kW] 03437  -0.1147 02122 6.9521

y=a'TEVAP+b'TC0ND+C'fCOMP+d (1)

2.3. Multi-objective optimization

The multi-objective optimisation conducted in this study is implemented in MATLAB [27] using the
gamultiobj function. This function utilizes a controlled elitist genetic algorithm, a variant of the NSGA-II. This
method can handle multiple conflicting objectives and is suitable for complex or nonlinear problems. It
supports variable bounds and constraints, and produces a set of Pareto-optimal solutions, showing the trade-
offs between objectives. Furthermore, its flexibility and reliability make it well-suited for real-world
optimization problems. The input parameters include the objective functions, the number of decision variables,
non-linear and linear constraints, and the lower and upper bounds for each decision variable.
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As previously mentioned, the decision variables are TEVAP and f¢OMP which are allowed to vary within
30 and 50 °C and 35 and 50 Hz, respectively. It is important to note that varying TEV4P corresponds to
changing the heat source interacting with the HTHP. The selected temperature levels may be representative of
different types of DHNs. However, in this study, no further details regarding the heat source are specified
beyond the temperature level, as the primary aim of the analysis is to conduct a theoretical assessment based
on variations in source temperature. In this context, DHNs are considered a potential application due to the
different temperature levels characterizing their various generations. In contrast, TSNP is fixed at four
discrete values to represent various working conditions for different intended applications. The values chosen
for TCOND are 70, 80, 90, and 100 °C, respectively. The optimisation process is repeated for each T¢ONP,
with the primary aim of determining the optimal TEV4P and f¢°MP that maximize the two conflicting
objective functions.

The adopted objective functions encompass both energy and economic perspectives, with the former
indirectly contributing to environmental benefits:

e the energy-related objective is the COP, calculated as defined in Eq. (1), considering the coefficients
indicated in Table 2.

e The economic objective function is the hourly net cash-flow (C,.;) associated with operating the
HTHP, as defined in Eq. (2). C,.¢ is determined by subtracting the expenditures for thermal energy
purchased from the heat source DHN (QEV4PY and the electricity requested by the HTHP compressor
(LEPMP), to the revenue generated from selling thermal energy. In Eq. (2), Q5°NP is calculated using
Eq (1) and the coefficients listed in Table 2; LS?MP is determined as the ratio of QS2NP to the
COP; and QEVAP is quantified according to Eq. (3). The unit price of DHN-supplied heat (p5") is
assumed to be 80 €/ MWh [28], while the heat produced and sold by the HTHP is assumed to have a
unit price (pfiT ) of 140 €/MWh [28]. The electricity price (p,;) is set to 166 €/ MWh, based on the
average cost of electricity in Europe for non-household consumers in the period from 2011 to 2024
[29].

Lastly, a non-linear constraint related the PR is applied in the optimisation process. The PR is calculated
using Eq. (1) and the coefficient listed in Table 2, ensuring that the optimization results remain consistent with
the thermodynamic limitations of the system.

_ ACOND . HTHP _ jCOMP , EVAP DHN
Cret = Qpny Ptn L Per — *Ptn 2
NEVAP _ ACOND coMP
A= QNP — LY (3)

3. Results and Discussion

Figure 3 shows the trend of the COP as TEVAP and fCOMP vary, with T¢ONP held constant. In the first,
second, third, and fourth graphs, TP is 70, 80, 90, and 100 °C, respectively. It is observed that as T¢NP
increases, the COP decreases. In fact, when T¢OMP is 70 °C, the maximum and minimum COP values are
5.0 and 3.0, respectively. These values are significantly higher than those obtained at a condensation
temperature of 100 °C, which are 3.0 and 1.5, respectively. Nevertheless, the trend of the COP with respect
to the considered variables remains the same, regardless of the condensation temperature, and increases with
rising TEV4P and decreasing fCOMP.
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Figure 3. Trend of the COP with evaporation temperature and compressor frequency at condensation
temperatures of 70 °C (a), 80 °C (b), 90 °C (c) and 100 °C (d).

Figure 4 shows the trend of C,,,; as a function of TEVAP and fC¢OMP withthe TC°NP held constant. The
goal is to maximize C,,; as defined (the difference between the revenue from the sale of thermal energy and
the total expenses). The results obtained are partially in contrast to those related to the COP. In fact, increasing
TCOND generally leads to a reduction in C,,;, and the trend is such that the C,,, increases with increasing
TEVAP | consistently with what was observed for the COP. However, unlike the COP, C,,; decreases as
fEOMP  decreases in most cases. For instance, when T¢°MP equals 70°C, the maximum C,, of
approximately 1.1 EUR/his found ata TEV4P and fCOMP of 50°C and 50 Hz, respectively. In this condition,
the COP equals 4.6 and is slightly lower than the value found at minimum f¢°MP but the same TEVAP,
Hence, maximizing the COP (and the resulting energy and environmental benefits) could lead to a reduction
in the system’s profit. The objective is to estimate the extent to which these goals conflict by determining the
optimal operating conditions for the HTHP.
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Figure 4. Trend of the hourly net cash flows with evaporation temperature and compressor frequency
at condensation temperatures of 70 °C (a), 80 °C (b), 90 °C (c) and 100 °C (d).

Figure 6 shows the trend of the Pareto front obtained from the optimization process by adjusting the decision
variables (TEVAP and fCOMP) with the TCONP fixed (at 70, 80, 90, and 100 °C as in the previous cases). For
each T¢ONP g variation in the COP of about 0.2 is observed along the Pareto front. For example, in the case
with TCOND at 70 °C, the Pareto front covers COP values ranging from approximately 4.38 to 4.55. In the
case with TCOND at 100 °C, the COP along the Pareto front ranges from about 2.63 to 2.87. On the other
hand, the variability of C,,; tends to be less pronounced as T °NP increases. For instance, with T¢ONP at
70°C, C,.; varies from approximately 0.87 to about 0.99 €/h; in the case with T¢°NP at 100°C, C,,;
ranges instead from about 0.60 to around 0.63 €/h.
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Figure 5. Pareto front at condensation temperatures of 70 °C (a), 80 °C (b), 90 °C (c) and 100 °C (d).

Despite the limited variability of the results obtained on the Pareto front, it is interesting to compare the
non-dominated solutions with all the solutions calculated during the execution of the genetic algorithm, as
shown in Figure 6. In the graphs presented (each corresponding to a specific T°N?, from 70 to 100 °C), the
trend of the results for each generation within the algorithm is shown. Starting from relatively low COP and
Cner Vvalues, as the generations progress, the solutions converge toward increasingly higher values, where the
Pareto front is also located. The COP rises by approximately, at least, 0.5. For example, in the case with
TCOND at 70 °C, the COP increases from about 3.9 to about 4.6; with T€°NP at 100 °C, the COP increases
from about 2.2 to about 2.9.
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Figure 6. Solutions explored by executing the genetic algorithm at condensation temperatures of 70 °C (a), 80 °C (b), 90 °C (c) and 100 °C (d).

Figure 7 shows the set of all explored decision variable values. Although the solutions exhibit some
variability in the initial iterations, as the algorithm progresses, the decision variable values cluster around the
values of high evaporation temperatures, showing variability only with respect to the compressor frequency.
The actual optimal values of the decision variables, compared with the ideal optimal values, are reported for
each condensation temperature in Table 3.
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Figure 7. Set of explored decision variables at condensation temperatures of 70 °C (a), 80 °C (b), 90 °C (c) and 100 °C (d).

Table 3. Values of the decision variables at the real optimum, maximum coefficient of performance, and maximum net cash flow.

Real optimum solution ~ Solution with maximum COP  Solution with maximum C,,,;

TCOND
[OC] TEVAP fCOMP TEVAP fCOMP TEVAP fCOMP
[°C] [Hz] [°Cl [Hz] [°Cl [Hz]
70 44.08 42.78 43.43 35.00 44.71 50.00
80 49.98 42.69 50.00 35.00 50.00 50.00
90 49.99 42.36 50.00 35.00 50.00 50.00
100 49.99 41.33 50.00 35.00 50.00 50.00

The results obtained in the real optimum point can be compared with those corresponding to the maximum
COP and maximum C,,. In this framework, the energy objective is translated into an environmental-one, by
analyzing the equivalent carbon dioxide (CO,) emissions associated with HTHP operation. Equivalent CO,
emissions are calculated using the average CO, power grid emission factor for the Italian electricity mix in
2022, which is 0.286 kgCO2/kWhe [30]. Figure 8 shows the values of equivalent CO, emissions and Ce;
relative to the solutions with maximum COP, maximum C,,,, and real optimum, for each T¢ONP As
previously mentioned, increasing T¢°MP reduces both the energy performance (i.e., environmental
advantages) and the economic benefits. From an economic perspective, operating under maximum COP
conditions turns out to be the most disadvantageous solution. If the real optimum condition is preferred with
TCOND at 70 °C, the C,,; increases from 0.87 to 0.94 EUR/h. Assuming the HTHP operates continuously
throughout the year, except for one week of scheduled maintenance, the additional hourly profit of 0.07 EUR/h
corresponds to approximately 601 EUR in annual additional earnings. On the other hand, maximizing the C.;
leads to a reduction in performance, resulting in diminished environmental benefits. The most notable case
occurs at a TN of 100 °C. Indeed, operating under real optimum conditions reduces CO, emissions to
approximately 2.3 kgCO»/h, thereby improving environmental performance even within an already particularly
unfavorable operating scenario.

In conclusion, the comparison between the real optimum operating point and the solutions with maximum
COP or C,,: highlights the necessary trade-offs between economic and environmental objectives. The results
demonstrate that the choice of operating strategy has a significant impact on both cost-effectiveness and CO,
emissions. Although the differences may appear marginal on an hourly basis, their cumulative effect over time
is substantial. Overall, these findings indicate that a system-level optimization approach, rather than focusing
solely on COP or Cp,, can lead to more sustainable and economically viable HTHP operation. The real
optimum point not only increases long-term profit but also enhances environmental performance, particularly
in challenging high-temperature scenarios. However, the results of the environmental analysis are closely
linked to the Italian electricity production mix in 2022. Different CO; emission factors for the power grid, as
observed in countries with different electricity generation mixes, would lead to different environmental
outcomes. Similarly, economic optimization is influenced by local market conditions that govern the purchase
and sale of thermal and electric energy. Under different regulatory or pricing regimes, the optimal balance
between COP (i.e., environmental impact) and C,,, may shift considerably.
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Building upon the findings of this study, several potential directions for future research emerge. Firstly,
incorporating dynamic electricity pricing models into the optimization framework would provide a more
realistic assessment of economic performance. Indeed, considering real-time tariffs could reveal how
variations in energy prices impact the optimal operating conditions and overall revenues. Secondly, extending
the analysis to include multiple countries with different power grid emission factors and market conditions
would improve the generalizability of the results. This would enable the assessment of the environmental and
economic benefits of HTHPs across diverse regulatory and energy landscapes.
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Figure 8. Hourly equivalent carbon dioxide emissions (a) and net cash-flows (b).

4. Conclusions

This study revisits and extends previous work on a moderately high-temperature heat pump prototype using
R-450A, applying a multi-objective optimization framework to balance energy performance and economic
benefits. The analysis considered various condensation temperatures and different generation district heating
networks as heat sources, with decision variables including evaporation temperature and compressor
frequency.

Results demonstrate a clear trade-off between maximizing the coefficient of performance and achieving the
highest net economic benefit. While increasing the evaporation temperature generally improves the coefficient
of performance and net cash flows, reducing the compressor frequency favors the coefficient of performance
but can reduce economic gains. The Pareto optimization reveals that operating at the real optimum, a
compromise between energy performance and costs, yields substantial economic savings with minimal
degradation in performance. Subsequent environmental analysis reveals that the optimal operation point
achieves lower carbon dioxide emissions, particularly at higher condensation temperatures, where system
operation is more challenging. Although maximizing the net cash flow slightly diminishes environmental
benefits, operating solely to optimize performance results in the least favorable economic outcome.

The study underscores the importance of adopting a system-level optimization approach rather than
focusing solely on either energy performance or economic profitability. It also emphasizes that results depend
strongly on regional electricity emission factors and local market conditions, which affect both environmental
and financial outcomes. Future research should explore the incorporation of dynamic electricity pricing and
expand the analysis to different geographic and regulatory contexts to enhance the applicability and robustness
of the optimization framework.


https://doi.org/10.23697/c1vw-1h31

15th |EA Heat Pump Conference 2026 - THN1.2 - https://doi.org/10.23697/c1vw-1h31

Acknowledgements

The authors acknowledge the project Sharing Heat and Knowledge on Energy Communities
(SHaKE). > Grant No. 2023-1-HU01-KA220-HED-000160219, funded by Erasmus+, and the project LEO23-
2-9632-ING-ING-4 funded by Fundacion BBVA.

Nomenclature

Acronyms and abbreviations

CO, Carbon Dioxide

DHN District Heating Network

GWP Global Warming Potential

HTHP High Temperature Heat Pump

LSHX Liquid-to-Suction Heat Exchanger
NSGA-II Non-dominated Sorting Genetic Algorithm II
PID Proportional Integrative Derivative
Symbols

Cret Net hourly cash-flow [EUR/h]

cop Coefficient Of Performance [-]

feomp Compressor frequency [Hz]

Lgome Compressor power [kW]

Qgone Condenser heat load [kW]

QEvar Haet absorbed by the evaporator [kW]

Pet Electricity price [EUR/MWh]

poaN Thermal energy price [EUR/MWh]

pHTHP Thermal energy selling price [EUR/MWHh]
PR Pressure Ratio [-]

TCOoND Condensation temperature [°C]

TEVAP Evaporation temperature [°C]
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