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Summary

Industrial process heat remains strongly dependent on fossil fuels. High-temperature heat pumps

can reduce electricity demand and direct emissions by upgrading available waste heat, but their

performance depends strongly on the temperature profiles of the heat source and heat sink. This

study evaluates high-temperature heat pumps that absorb and reject heat over a temperature glide for

industrial sensible-heat upgrading. Vapor-compression heat pumps (VCHPs), reversed-Brayton heat

pumps (RBHPs), and an absorption-compression heat pump (ACHP) are compared for three heating

scenarios with heat sink outlet temperatures of 150 or 200 °C using a 100 °C heat source.

Steady-state thermodynamic models were developed and validated for the VCHP and RBHP. Pure fluids

and binary mixtures were optimized and evaluated through Pareto-based multi-objective screening

and working-fluid family analysis. Thermodynamic performance was subsequently combined with

environmental, safety, and practical criteria to select favorable working fluids. Preliminary compressor

and heat-exchanger sizing, equipment-cost correlations, and levelized-cost-of-heat calculations were

used to evaluate technical and economic performance at heating duties of 1 𝑀𝑊 and 10 𝑀𝑊 . Vendor

data were used for the ACHP.

The VCHP achieved the highest and most consistent thermodynamic performance. Subcritical operation

with a zeotropic mixture provided the largest benefit when the heat sink outlet temperature was 150 °C

and both the heat source and heat sink had a 50 𝐾 temperature glide. The zeotropic mixture advantage

decreased at higher heat sink temperatures, where transcritical operation made pure fluids and low-glide

mixtures more competitive. The RBHP performed most favorably when the heat-source-to-heat-sink

temperature glide ratio matched its sensible heat-transfer profile, but generally had a lower COP and

required larger high-pressure heat exchangers. Its internal heat exchanger provided a significant benefit

mainly for the scenario with the largest heat-source-to-heat-sink temperature gap.

Equipment feasibility and economics improved substantially with scale. At 1 𝑀𝑊 , several compressor

and RBHP turbomachinery configurations required small, high-speed, or high-temperature designs

with uncertain practical feasibility. At 10 𝑀𝑊 , larger dimensions and estimated compressor efficiencies

near or above 80% made centrifugal turbomachinery more credible and reduced specific investment

costs. The VCHP generally achieved the lowest levelized cost of heat, while all evaluated heat pumps

remained less expensive than direct electric heating under the assumed conditions. At 10 𝑀𝑊 , the heat

pumps were also competitive with gas-fired heating in most scenarios. Overall, temperature-glide heat

pumps are most effective when the cycle, working fluid, process-temperature profiles, and heating duty

are selected together.
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Introduction

Over the last few years, residential and industrial heat combined accounted for roughly half of global

final energy consumption, making it the largest energy end-use, followed by electricity and transport.

Industrial process heat accounts for 26% of global energy consumption. With growing demand and

heavy reliance on fossil fuels, decarbonizing process heat is one of the most critical and challenging

requirements for meeting global net-zero emissions targets [45, 44, 46].

Replacing coal- or gas-fired boilers with electric boilers or high-temperature heat pumps can directly

eliminate on-site fossil fuel combustion and cut emissions. Electric boilers are a mature and relatively

simple technology and can supply high-temperature heat without a waste heat source; however, their

heat ouput is approximately equal to their electricity input. High-temperature heat pumps can upgrade

existing heat, delivering multiple times (3-5) more thermal energy than the electricity they consume,

potentially reducing operational cost and electricity demand [54, 38, 46]. While thermodynamically

advantageous, high-temperature heat pump operation requires high-temperature heat sources to

minimize the temperature lift, which is crucial for a high coefficient of performance (COP) and minimal

electricity consumption. Additionally, the industrial development and adoption of high-temperature

heat pumps are limited by their economic competitiveness and low technology readiness levels at

temperatures above 150 °C [6, 54].

A conventional subcritical vapor-compression heat pump (VCHP) using a pure working fluid exchanges

most of its heat during isothermal evaporation and condensation. While this efficiently uses latent

heat, industrial heat sources and heat sinks commonly exchange sensible heat, causing temperature

changes. The resulting mismatch between the heat pump working fluid and process stream temperature

profiles causes the heat pump to operate with a higher mean temperature lift than ideally required.

Additionally, temperature differences in the heat exchangers caused by temperature-profile mismatch

create irreversibilities and lower COP.

Heat pump cycles that absorb and reject heat with a temperature glide can potentially achieve a higher

COP and be more attractive than a conventional VCHP. A heat pump that absorbs and rejects heat

with the same temperature glide as the heat source and heat sink can theoretically minimize the mean

temperature lift and reduce heat-transfer temperature differences with sensible industrial processes.

Beyond minimizing mean temperature lift and reducing heat-transfer irreversibilities, integration with

a sensible heat source allows further cooling of the source, increasing recovered heat and reducing the

required source flow rate.

This study considers three heat pump cycles that absorb and reject heat with a temperature glide. The

VCHP is included as it is the most mature technology and can achieve high COPs, while zeotropic

mixtures and transcritical operation provide options for operation with a temperature glide. The

reversed-Brayton heat pump (RBHP) is included because it uses a gaseous working fluid and inherently

exchanges sensible heat. The absorption-compression heat pump (ACHP), while less flexible, is included

because absorption and desorption inherently occur with a temperature glide.
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The suitability of these heat pump cycles cannot be assessed independently of the working fluid.

Thermophysical properties determine the achievable temperature glide, compression work, volumetric

heating capacity (VHC), pressure levels, compressor discharge temperature, and heat-transfer behavior.

Additionally, high-temperature heat pump working fluids can have environmental impacts, pose

safety risks, and affect equipment requirements. A broad screening is therefore required to identify

working-fluid cycle combinations that offer favorable thermodynamic performance and practical

feasibility.

Previous studies have demonstrated the potential of zeotropic mixtures, transcritical VCHPs, RBHPs,

and ACHPs for high-temperature process heating. However, these technologies are often evaluated

separately or compared using limited working fluids and operating conditions. It remains unclear

whether high-temperature heat pumps that absorb and reject heat with a temperature glide offer a

significant advantage over established heating solutions. Comparisons may also overlook important

trade-offs involving thermodynamic performance, equipment requirements, and environmental and

safety impact. A comparison that combines broad working-fluid screening, cycle optimization, multi-

objective analysis, preliminary equipment sizing, and economic evaluation across multiple operating

conditions is therefore required.

The objective of this study is to thermodynamically and techno-economically evaluate high-temperature

heat pumps and working fluids for industrial sensible heat upgrading with substantial temperature

glides at both the heat source and heat sink. The VCHP and RBHP are modeled and optimized for a

broad set of pure fluids and binary mixtures, while vendor data is used for the ACHP. The resulting

working-fluid and cycle combinations are then screened using thermodynamical, environmental, safety,

and practical criteria, and selected combinations are evaluated through preliminary equipment sizing,

cost estimation, and comparison of the levelized cost of heat (LCOH).

Three heating scenarios are considered to assess the effects of the heat sink temperature, heat source-heat

sink temperature glide ratio, and mean temperature lift. The heating scenarios are listed in Table 1.1. In

all scenarios, the heat source and heat sink consist of water that remains fluid at all times.

Table 1.1: Definition of the evaluated heating scenarios.

ID Heat source Heat sink

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡
[°𝐶] [°𝐶]

S1 100–50 100–150

S2 100–50 100–200

S3 100–50 150–200

This study is limited to simple VCHP and RBHP configurations with and without an internal heat

exchanger (IHX). The VCHP and RBHP are modeled using simple steady-state thermodynamic models,

while ACHP data is obtained from a technological vendor. Equipment sizing is preliminary and used

to assess practical feasibility; it does not represent final component designs. The thermodynamic,

equipment, and economic results are intended as comparative screening estimates.

The remainder of this study consists of the theoretical background for temperature-glide matching by

introducing the investigated heat-pump cycles, working-fluid selection criteria, equipment limitations,

and reference technologies (chapter 2), the thermodynamic models, optimization procedures, screening

and selection, equipment sizing and economic evaluation methods (chapter 3), the thermodynamic

screening, working-fluid selection, equipment sizing, and economic results (chapter 4), and the main

findings, limitations, and the conclusions (chapter 5).



2
Background

This chapter introduces sensible heat sources and heat sinks, the investigated heat-pump cycles, working-

fluid selection criteria, equipment requirements and limitations, and reference technologies. The

findings are then synthesized into the evaluation methodology for the reviewed high-temperature heat

pump cycles.

2.1. Sensible heat upgrading and temperature glide-matching
The thermodynamic performance and integration potential of a high-temperature heat pump depend

strongly on the temperature glide match between the heat pump’s working fluid and the industrial heat

source and heat sink. A heat pump that matches the temperature glide of the industrial heat source and

heat sink can potentially reduce the required mean temperature lift and heat-transfer irreversibilities,

and allow for maximum heat recovery. This section discusses the role of sensible heat sources and sinks

and the potential benefits of implementing high-temperature heat pumps into these processes.

2.1.1. Sensible heat sources and sinks
Industrial waste-heat sources such as cooling liquid, wastewater, warm compressed air, or flue gas

release sensible heat as they cool down. Similarly, many industrial heat sinks, such as preheating

combustion air or liquid feed, or drying moist air, involve sensible heating. Unlike latent heat, sensible

heat transfer is accompanied by a temperature change. The resulting heat duty
¤𝑄 of sensible heat

transfer is given by Equation 2.1 and is determined by the mass flow ¤𝑚, the specific heat capacity at

constant pressure 𝑐𝑝 , and the temperature change 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 .

¤𝑄 = ¤𝑚𝑐𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (2.1)

The recoverable heat duty from a heat source with a given specific heat capacity is thus determined by

the mass flow rate and the temperature change. A larger amount of heat can be recovered from a source

by allowing for a larger temperature reduction. Similarly, for a given heat duty, increasing the allowable

temperature change reduces the mass flow rate of a heat source or heat sink.

2.1.2. Thermodynamic benefit of glide matching
The COP of a high-temperature heat pump can be increased by matching the working-fluid temperature

profile to the heat source and heat sink, reducing the required mean temperature lift and heat-transfer

irreversibilities.

For an ideal heat pump cycle transferring heat between two isothermal reservoirs (the Carnot cycle), the

required temperature lift equals the difference between the hot and cold reservoirs. When this cycle is

coupled to sensible source and sink streams, the isothermal Carnot cycle must evaporate below the

source-stream temperature and condense above the sink-stream temperature to allow heat to flow. Thus,

the required Carnot temperature lift exceeds the mean temperature difference between the heat source

3
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and heat sink. In contrast, the Lorenz cycle absorbs and rejects heat exactly at the local temperatures of

the source and sink streams. The Lorenz cycle effectively operates by transferring heat between the

thermodynamic average of the heat source and heat sink. Because these mean temperatures are closer

together than the evaporation and condensation temperatures of an isothermal cycle, the Lorenz cycle

achieves a higher ideal COP. The COP of the Carnot cycle is given by Equation 2.2, where 𝑇𝐻 and 𝑇𝐶
are the temperatures of the hot and cold reservoirs, respectively. The COP of the Lorenz cycle is given

by Equation 2.3, where 𝑇𝐻,𝑀 and 𝑇𝐶,𝑀 are the thermodynamic mean temperatures of the hot and cold

reservoirs, respectively.

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝐻

𝑇𝐻 − 𝑇𝐶
(2.2)

𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧 =
𝑇𝐻,𝑀

𝑇𝐻,𝑀 − 𝑇𝐶,𝑀
(2.3)

Unlike ideal Carnot and Lorenz cycles, real heat transfer requires a finite temperature difference. In a

heat exchanger, streams are routed to create local temperature differences and facilitate heat transfer;

however, finite temperature differences also generate thermodynamic irreversibilities. Larger local

temperature differences increase entropy production and reduce the maximum achievable performance

by a heat pump cycle. Entropy production in the heat exchangers can therefore be minimized by

matching the heat pump’s working-fluid temperature profile to the heat source and heat sink.

2.2. Heat pump cycles with a temperature glide
Heat-pump cycles can produce temperature glides through zeotropic phase change, transcritical

or supercritical sensible heat transfer, or absorption and desorption processes, with each approach

introducing distinct thermodynamic and equipment trade-offs. This section discusses the working

principles, advantages, and limitations of the high-temperature heat pump cycles covered in this study:

the VCHP, RBHP, and the ACHP. Table 2.1 summarizes the main characteristics of each high-temperature

heat pump cycle and its treatment in this study.

Table 2.1: Main characteristics of the high-temperature heat pump cycles covered in this study.

Characteristic VCHP RBHP ACHP

Main heat-transfer mechanism Latent and sensible Sensible Sorption and sensible

Heat source glide Mixtures Inherent Inherent

Heat sink glide Mixtures and transcritical operation Inherent Inherent

Main efficiency limitation Compression and expansion losses Compression losses and work extraction Compression and solution-cycle losses

Main practical limitation Compressor and fluid limitations High-pressure turbomachinery and

IHX effectiveness

Complexity and limited flexibility

Treatment in this study Modeled Modeled Vendor data

2.2.1. Vapor-compression heat pump
The VCHP can absorb and reject heat over a temperature glide using zeotropic mixtures, transcritical

operation, or a combination of both. VCHPs are included because they are the most mature and robust

heat pump technology currently available; however, they are not yet established at high temperatures,

and the use of zeotropic mixtures and transcritical cycles remains emerging [95, 1, 18]. The VCHP

operates based on a Carnot cycle, as shown in Figure 2.1 with the corresponding pressure-enthalpy and

temperature-entropy diagrams.

The evaporator absorbs heat from the heat source by evaporating the working fluid. A compressor then

raises the working-fluid gas’s temperature and pressure, after which it condenses back into a fluid,

releasing heat to the heat sink in the condenser. Finally, an expansion valve expands the fluid and

returns it to the evaporator. This cycle is called a single-stage vapor-compression heat pump. An IHX

can improve performance by superheating the working-fluid gas exiting the evaporator before it enters

the compressor and subcooling the liquid exiting the condenser before it enters the expansion valve. It

allows more heat to be absorbed in the evaporator and additionally helps to prevent wet compression.
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(a) (b) (c)

Figure 2.1: (a) Flow sheet of vapor-compression heat pump and (b) the corresponding pressure-enthalpy and (c)

temperature-entropy diagrams [1].

VCHPs can absorb and reject heat via a temperature glide by using a mixture of two working fluids

with a significant difference in boiling points, causing the mixture to undergo a phase change over a

range of temperatures (a zeotropic mixture) and/or by compressing the working fluid(s) to a pressure

above the critical pressure and releasing sensible heat at a supercritical pressure (transcritical cycle).

Zeotropic mixtures allow customization of the temperature glide in the evaporator and condenser but

also alter other fluid properties that affect the heat pump’s performance, such as pressure ratio, critical

point, latent heat, vapor density, and heat-transfer behavior [40, 104]. Transcritical cycles offer superior

COPs to subcritical cycles for high-temperature and large-temperature-glide applications, as they better

match the heat sink temperature profile [1, 95]. However, transcritical cycles require high transcritical

pressures and can experience higher compression and expansion losses when operated with insufficient

heat sink temperature glide [1].

2.2.2. Reversed-Brayton heat pump
The RBHP uses an always gaseous working fluid and therefore inherently absorbs and rejects sensible

heat over a temperature glide. RBHPs are included as they are better established at absorbing and

rejecting heat via a temperature glide than VCHPs, and they are less limited in heat sink temperature or

temperature lift [56, 21, 71]. The RBHP is shown in Figure 2.2 with the corresponding pressure-volume

and temperature-entropy diagrams.

(a) (b) (c)

Figure 2.2: (a) Flow sheet of reversed-Brayton heat pump and (b) the corresponding pressure-volume and (c)

temperature-entropy diagrams [74, 103].

The working fluid vapor first absorbs heat from the source. The working fluid vapor is then compressed

to raise its temperature and pressure, after which it rejects heat to the heat sink. Finally, a portion of

the compression work is extracted using a turbine or expander, thereby lowering the temperature and

pressure of the working-fluid vapor. Its performance, especially for large temperature lifts, is often

improved by using an IHX to preheat and precool the compressor and turbine/expander suction vapor,

respectively [16, 56, 21]. At moderate temperatures and temperature lifts, the RBHP generally has a

lower COP than the VCHP, but because it does not operate using phase change, it can operate at higher

temperatures and temperature lifts where VCHP performance deteriorates. Additionally, the relative
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performance of the RBHP compared to the VCHP increases for very large temperature glides [21, 16, 71].

Although the RBHP can operate across a wider temperature range, it is restricted by its equipment as it

requires high-pressure and high-efficiency turbomachinery and heat exchangers to remain feasible [4,

71, 103].

2.2.3. Absorption-compression heat pump
The ACHP non-isothermally absorbs and desorbs a working-fluid mixture to absorb and reject heat over

a temperature glide, using sorption principles to minimize required compression work and pressure

levels. Despite its higher complexity, the ACHP is included because its temperature levels and glides

are not determined by saturation properties and it inherently absorbs and rejects heat via a temperature

glide. Figure 2.3 shows the ACHP with a diagram of its temperature profiles.

(a) (b)

Figure 2.3: (a) Flow sheet of absorption-compression heat pump and (b) a diagram of the temperature profiles over the

transferred heat [53].

A zeotropic mixture (typically ammonia-water) is partly evaporated in the desorber using heat from the

heat source. The resulting weak ammonia-water solution and ammonia vapor are separated. The weak

solution is preheated in the IHX and pumped to a higher pressure. The ammonia vapor is compressed,

thereby raising its temperature and pressure. Both high-pressure streams are combined in the absorber,

where the vapor is absorbed into the solution, rejecting heat to the heat sink. The resulting rich solution

is cooled down in an IHX and expanded back to the desorber pressure. ACHPs are commercially

available, but due to their higher complexity, only a limited number of vendors offer them [105, 10].

Additionally, they are less flexible than other high-temperature heat pumps in temperature range, cycle

configurations, and working-fluid choice [10, 53].

2.3. Working fluid effects and selection criteria
A high-temperature heat pump working fluid affects not only thermodynamic performance but also

operating conditions, equipment requirements, environmental impact, safety, and practical feasibility.

2.3.1. Thermodynamic properties and cycle performance
The thermophysical properties of a working fluid determine the achievable temperature glide during

heat transfer, compression work, VHC, compressor discharge conditions, and the heat-transfer behavior.

A working fluid’s critical temperature and pressure affect not only the operating boundaries of

subcritical, transcritical, or supercritical operation, but also pressure levels, performance, and equipment

requirements. Near the critical point, many properties, such as the latent heat, specific heat, density,

and compressibility, fluctuate, which affects the heat transfer behavior and compression and expansion

work [1, 100, 11, 4, 47, 52]. The working fluid’s molecular mass and vapor density determine the

compressor requirements such as rotational speed and physical size. Faster-rotating compressors are
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more complex, and physically larger compressors are associated with larger input power and heat

losses [19, 27]. Furthermore, the working fluid’s heat capacity and heat capacity ratio determine the

compressor discharge temperature for a given increase in compression pressure, affecting the compressor

and/or intercooling requirements [19, 83, 8]. The working fluid’s latent heat and specific heat determine

the balance between phase-change heat and sensible heat, as well as the temperature glide in a heat

exchanger for a given mass flow rate [71]. Finally, the working fluid’s thermal and momentum transport

properties determine the heat transfer coefficients and required heat-transfer area as well as the resulting

pressure drop in a heat exchanger [83, 90, 62].

Overall, these properties are represented in the screening by COP, VHC, pressure ratio, discharge pressure

and temperature, and estimated heat-transfer area, which together characterize the thermodynamic

performance, equipment requirements, and operating severity. These performance parameters are

further described in subsection 3.2.3.

2.3.2. Pure fluids and mixtures
Pure fluids undergo phase change at an approximately constant temperature, whereas zeotropic mixtures

evaporate and condense over a temperature range, allowing the temperature glide in a VCHP to be

customized. Mixtures also alter the temperature glide in an RBHP; however, for both the VCHP and

RBHP, mixtures also affect the heat pumps’ compression work, equipment requirements, environmental

impact, safety, and practical feasibility [100, 40]. Additionally, the best temperature-profile match does

not automatically yield the maximum COP in a VCHP, as this depends on a combination of factors

[104]. Mixtures also come with disadvantages and challenges such as the degradation of heat-transfer

coefficients as a result of diffusion resistances, the risk of composition shift as a result of leakage, and

overall more design and operational sensitivity as a result of more property fluctuations and uncertainty

[104, 18, 95].

2.3.3. Working-fluid families
Chemically related working-fluid families each have their own performance trends and characteristic

thermodynamic and practical trade-offs. Table 2.2 and Table 2.3 list the working-fluid components

considered in this study for the VCHP and RBHP, respectively, divided among their distinct working-fluid

families.

Table 2.2: Categorization of working-fluid components used for the vapor-compression heat pump evaluation into distinct

working-fluid families.

Acetone Alcohol Ammonia Ether CO2 HC1 HC2 HC3 HC4 HC5 HC6 HC7 Synthetic Water

Acetone Ethanol Ammonia Diethylether CO2 Methane Ethane Propane Butane Pentane Hexane Heptane R1224yd(Z) Water

Methanol Dimethylether Ethylene Propylene Isobutane Isopentane Isohexane R1233zd(E)

Cyclopropane Butene Cyclopentane Cyclohexane R1234yf

Isobutene Neopentane R1234ze(E)

R1234ze(Z)

R1336mzz(Z)

Table 2.3: Categorization of working-fluid components used for the reversed-Brayton heat pump evaluation into distinct

working-fluid families.

Ammonia Ether Gasses HC1 HC2 HC3 HC4 HC5 Noble gasses Water

Ammonia Dimethylether CO2 Methane Ethane Propane Butane Neopentane Argon Water

Nitrogen Ethylene Propylene Isobutane Helium

Oxygen Cyclopropane Butene Krypton

Isobutene

Acetone is a flammable, strong organic solvent with a high critical temperature and latent heat of

vaporization, potentially providing a high COP; however, its strong solvent capability requires careful

evaluation of component and seal materials [37, 35]. Methanol and ethanol are flammable and toxic

organic solvents with high critical temperatures that can achieve high COPs [37]. Ammonia is a

well-established toxic natural refrigerant with lower flammability that requires high pressures and

therefore reaches a high volumetric heating capacity [98]. Diethylether and dimethylether are natural

ethers with a high critical temperature that have previously been used in mixtures with synthetic

working fluids [31, 41]. CO2 is a natural, non-toxic, and non-flammable working fluid with a low

critical temperature, mostly used for transcritical and supercritical cycles [98, 16]. Hydrocarbons such
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as alkanes, alkenes, and cycloalkanes are natural flammable working fluids with a wide range of critical

temperatures and heat pump applications and generally exhibit low compressor discharge temperatures

[41]. Synthetic refrigerants are the historically dominant VCHP working fluids and are transitioning

to low-environmental-impact versions; however, newer low-flammability, low-environmental-impact

working fluids are classified as per- and polyfluoroalkyl substances (PFAS) [101].

2.3.4. Environmental, safety, and practical criteria
A thermodynamically favorable working fluid is feasible for industrial applications only if its environ-

mental impact, toxicity, flammability, thermal stability, and compatibility with materials and lubricants

are suitable. Table 2.4 summarizes the parameters considered to access these criteria.

Table 2.4: Relevant working-fluid parameters for the environmental, safety, and practical selection criteria.

Environmental Flammability Toxicity Thermal stability

ODP ISO classification ISO classification AIT

GWP LFL OEL

PFAS AIT

TFA-formation

The European Commission restricts the use of substances with high ozone depletion potential (ODP) and

high global warming potential (GWP) in accordance with the Montreal Protocol of 1983 on substances

that deplete the ozone layer and the Kyoto Protocol of 1997 on measures to reduce greenhouse gas

emissions. The use of working fluids with an ODP not equal to zero is already forbidden, and by

2036 only working fluids with a GWP less than 150 will be allowed [73, 72, 88, 87]. The atmospheric

breakdown of PFAS working fluids can produce trifluoroacetic acid (TFA), a highly mobile and persistent

substance that can accumulate in the environment [5]. Although no long-term effects on humans

and the environment have been proven yet, it can be harmful to aquatic organisms at concentrations

above 0.1 mg/L, and there are emerging concerns regarding liver and reproductive health in mammals

[3][105][5]. Furthermore, some degradation pathways may form HFC-23, a super pollutant with an

extremely high GWP and a long atmospheric lifetime [75]. As future policies are expected to limit TFA

emissions, a better understanding of TFA sources is required to assess their environmental impacts and

their sustainability as industrial working fluids [5].

Human safety standards for heat pumps are set out in the European standard EN 378 (1-4), which will

be revised in 2026 to include a new method for determining charge limits for flammable working fluids

[28, 68]. The European standard uses the ISO 817 safety classification to classify working fluids based

on their ability to propagate a flame in air, their burning velocities, and their potential to cause health

hazards [48]. Flammability is classified as 1, 2L, 2, or 3, with group 1 having no flame propagation

and group 3 being highly flammable, and toxicity is classified as low toxicity (A) or high toxicity (B).

For example, ammonia has safety group B2L, CO2 has safety group A1, and propane has safety group

A3. For a working fluid to be classified as less flammable (2), the lower flammability limit (LFL) must

be more than 10 𝑘𝑔/𝑚3
at 23 °C and 1 atm and the heat of combustion must be less than roughly

19000 𝑘𝐽/𝑘𝑔 [7]. The LFL of most working fluids is publicly available, and the LFL of a mixture can be

estimated using an ISO calculation method [33]. Additionally, the autoignition temperature (AIT) is a

relevant parameter for a safe compressor discharge temperature in a high-temperature heat pump and

also indicates how prone a working fluid is to thermal degradation or thermolysis, which compromises

performance and safety [95, 99]. For a working fluid to be classified as low toxicity (A), the occupational

exposure limit can’t be greater than 400 ppm. Regulatory agencies determine the OELs of working

fluids, and they are mostly publicly available.

Depending on the working fluid or equipment, the corrosivity, compatibility with materials, miscibility

with compressor lubricant, and the fouling potential of a working fluid can also affect the working fluid

feasibility [41, 1, 39, 101].

2.4. Equipment requirements and scale effects
Beyond thermodynamic performance, the technical feasibility of a high-temperature heat pump also

depends on equipment type, dimensions, efficiency, and cost, which depend on the heat pump’s

operating conditions and scale. This section covers the major components of a VCHP and an RBHP. It
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describes the most relevant types of compressors, heat exchangers, and turbines and expanders, along

with their working principles, advantages, limitations, and applications.

2.4.1. Compressor selection and limitations
Compressor selection is governed by inlet volumetric flow, pressure ratio, and inlet and discharge

conditions, and it greatly affects the cost and overall feasibility of a high-temperature heat pump.

However, the relation to inlet volumetric flow, pressure ratio, and inlet and discharge conditions differs

per compressor type. The compressor type can also have practical implications, such as the need for

downstream oil separation or damping equipment. This section presents an overview of the operating

range and capabilities, as well as the advantages and limitations of the most relevant compressors.

Table 2.5 summarizes these findings.

Table 2.5: Summary of the operating range, pressure and temperature capabilities, advantages, and limitations of the most

relevant compressors.

Type Operating range Pressure capability Temperature capability Main advantages Main limitations

Reciprocating Low to moderate volume

flow

Very high discharge pres-

sure; low to moderate pres-

sure ratio

Constrained to 180-200 °C Suitable for low volume

flow; high-pressure capa-

bility

Not suited for high dis-

charge temperatures; pul-

sating flow, maintenance,

lubricant requirements

Flooded screw Moderate volume flow Moderate discharge pres-

sures; high pressure ratios

possible

Constrained to 120 °C Oil provides sealing and

cooling enabling high

pressure ratios; broad op-

erating range

Not suited for high dis-

charge pressures and tem-

peratures; oil separation

and return are required;

Oil-free screw Moderate volume flow Low to moderate dis-

charge pressures; moder-

ate pressure ratios possi-

ble

Constrained to 200-220 °C Oil-free working fluid Not suited for high dis-

charge pressures; higher

complexity

Centrifugal Moderate to high volume

flow

High discharge pressure;

low pressure ratio

High discharge tempera-

tures

Suitable for high discharge

pressures and tempera-

tures; reliable

Low volume flows pro-

duce complex designs; per-

formance is sensitive to

fluid and off-design

Compressors fall into two distinct categories: positive displacement compressors and dynamic com-

pressors. Positive displacement compressors increase a gas’s pressure by trapping a volume of the

gas and reducing that volume. Reciprocating and rotary screw compressors are examples of positive

displacement compressors. Dynamic or turbo compressors increase a gas’s pressure by continuously

increasing its momentum and converting that kinetic energy into static pressure as the gas decelerates.

Centrifugal or radial flow compressors are examples of a dynamic compressors [19, 83, 8].

Reciprocating compressor Reciprocating compressors can handle extremely high discharge pressures

and are highly flexible in handling varying gas densities and flow rates; however, they have high

maintenance costs and their discontinuous flow requires damping equipment [34, 19, 83]. Because the

moving parts require oil for cooling, sealing, and lubrication, the discharge temperature is limited by

oil degradation, and the oil must be soluble in the working fluid to prevent accumulation in the heat

exchangers [27, 89]. Reciprocating compressors are generally not capable of handling low-VHC fluids,

as the large volumetric flows require unfeasible cylinder and piston dimensions [27].

Rotary screw compressor Oil-flooded rotary screw compressors allow very high compression ratios

as the lubrication and sealing oil absorbs part of the heat of compression; however, to prevent oil

degradation, the maximum discharge temperature is limited, and oil solubility in the working fluid and

downstream separation systems are required [19, 83, 89]. Oil-flooded rotary screw compressors are

constrained in their use of low-VHC fluids, as the large volumetric flows require large rotor sizes and

fast rotor tip speeds [27]. The oil-free rotary screw compressors produce oil-free gas, and the discharge

temperature is not limited by oil degradation; however, they are more complex, expensive, and are

limited in their pressure ratio by the thermal expansion of the rotors [83, 27]. Oil-free rotary screw

compressors are also limited in their use of low-VHC fluids for the same reasons as oil-flooded designs,

but they are also limited in their use of high-VHC fluids. The oil-free design utilizes internal clearances

as sealing, which become proportionally larger at small scales, reducing efficiency [27]. Both designs

are also limited in discharge pressure by mechanical limits of the rotors and casing [19].
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Centrifugal compressor Centrifugal compressors are very reliable, with long continuous run times

and minimal maintenance, and the moving parts don’t require oil in the compression path. However,

they have a limited operating range and are highly sensitive to operating conditions and changes in

gas composition [19, 34, 83, 27]. Centrifugal compressors are the only compressors that can handle

low-VHC fluids. Using high-VHC fluids can result in very small dimensions and fast rotational speeds,

complicating the design. But as centrifugal compressors are widely developed and applied, this is less

of a constraint than for other compressor types [93, 8].

2.4.2. Turbine and expander selection
Turbine and expander selection is governed by the outlet volume flow, pressure ratio, and inlet and

discharge conditions, and the efficiency and cost greatly affect the overall feasibility of an RBHP. This

section presents an overview of the operating range and capabilities, as well as the advantages and

limitations of the most relevant expanders. Table 2.6 summarizes these findings.

Table 2.6: Summary of the operating range, pressure and temperature capabilities, advantages, and limitations of the most

relevant expanders and turbines.

Type Operating range Pressure capability Main advantages Main limitations

Rotary screw Low to moderate volume flow Moderate pressure ratio; lim-

ited pressure

Suitable for lower rotational

speeds; tolerant of two-phase

conditions

Internal leakage; lubrication

requirements

Radial-inflow Moderate volume flow High pressure ratio High efficiency; compact and

reliable

Low volume flows produce

complex designs

Axial High volume flow Low pressure ratio per stage High efficiency at large scale Complex; less suitable for low

volume flows

Turbines can also be divided into the same categories as compressors: volumetric expanders and

dynamic or turbo-expanders [83, 2]. Volumetric expanders operate cyclically by trapping a volume

of gas and expanding it; the gas exerts a net force on the movable component. Among volumetric

expanders, rotary screw expanders are the only type reported to operate at outputs above 50 kW [2].

Dynamic expanders convert the high pressure to momentum by accelerating the fluid and transferring

that momentum to blades on a rotating shaft. Radial and axial turbines are examples of dynamic

expanders [83, 8, 2].

Rotary screw expander Rotary screw expanders can handle small volumetric and two-phase flows.

They can achieve moderate expansion ratios, but they are more costly and do not achieve very high

efficiencies. They operate exactly the same as rotary screw compressors and generally require oil for

sealing and lubrication and can’t handle high pressures [2, 8].

Radial turbine Radial inflow turbines are highly efficient, have a large operating range, and can

handle large pressure ratios and high pressures and temperatures. Like centrifugal compressors, their

performance is sensitive to off-design operation, and small volumetric flows can lead to very small

dimensions and high rotational speeds, complicating design [2, 17].

Axial turbine Axial turbines are the dominant technology for large volumetric flows, achieving

high efficiencies and capable of handling high pressures and temperatures. Their efficiency drops

significantly at smaller volumetric flows, and their expansion ratio is limited per stage; they require

complex design, leading to high cost [9, 2, 17].

2.4.3. Heat exchanger selection and heat-transfer requirements
Heat exchanger selection is governed by the heat-transfer behavior, minimum approach temperature,

fluid properties, and operational conditions. This section discusses the basics of heat transfer and

presents an overview of the operating range and capabilities, as well as the advantages and limitations

of the most relevant heat exchangers. Table 2.7 summarizes these findings.

Heat transferred over a surface is described by Equation 2.4, where
¤𝑄 is the heat transferred in𝑊𝑎𝑡𝑡,𝑈

is the overall heat transfer coefficient in 𝑊/𝑚2𝐾, 𝐴 is the heat transfer area in 𝑚2
, and Δ𝑇𝐿𝑀𝑇𝐷 is the
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Table 2.7: Summary of the pressure and temperature capabilities, advantages, and limitations of the most relevant heat

exchangers.

Type Pressure capability Temperature capability Main advantages Main limitations

Gasketed plate Low pressure Moderate temperature Close temperature ap-

proach; compact

Gasket constrains maxi-

mum pressure and temper-

ature

Brazed or welded plate Moderate pressure High temperature Close temperature ap-

proach; compact

Limited differential pres-

sure

Multiple pipe High pressure High temperature Close temperature ap-

proach; suitable for high

differential pressures; sim-

ple construction

Large footprint and less

feasible at large duties

Shell-and-tube High pressure High temperature Suitable for high differen-

tial pressures; robust; scal-

able to large duties

Close temperature ap-

proach more complex;

larger footprint; less fea-

sible at small scale

logarithmic mean temperature difference between the two heat-exchanging media in 𝐾. The overall

heat transfer coefficient𝑈 depends on the heat-transfer fluids and the heat exchanger.

¤𝑄 = 𝑈𝐴Δ𝑇𝐿𝑀𝑇𝐷 (2.4)

Overall, phase change and liquid-to-liquid duties result in higher heat transfer coefficients than liquid-

to-gas and gas-to-gas duties. The logarithmic mean temperature difference Δ𝑇𝐿𝑀𝑇𝐷 is the temperature

driving force for heat transfer, and it depends on the flow configuration and the temperature profiles of

the heat-transfer fluids. A countercurrent flow configuration is essential for non-isothermal temperature

glide matching, as it allows a temperature cross and small temperature differences throughout the

heat exchanger. Additionally, countercurrent flow results in a larger logarithmic mean temperature

difference than cocurrent flow. Real heat exchangers can experience non-ideal countercurrent flow

configurations, limiting the minimum temperature approach and requiring more heat transfer area [83,

90].

The most relevant heat exchangers are plate, multiple-pipe, and shell-and-tube heat exchangers. Plate

heat exchangers consist of stacked, bonded corrugated plates that separate the heat-transfer fluids.

Multiple-pipe heat exchangers consist of multiple concentric pipes through which the heat-transfer

fluids run. Shell-and-tube heat exchangers consist of a bundle of tubes enclosed in a cylindrical shell,

with a head at each end. As one fluid travels through the tubes, the other travels through the shell and

is directed repeatedly across the tubes by baffles to exchange heat; many configurations are possible [83,

90].

Plate heat exchangers Plate heat exchangers can achieve very small approach temperatures, and the

corrugated plates enhance turbulence and have a large surface area, resulting in high heat transfer.

Additionally, increased turbulence reduces fouling and enables operation with viscous fluids.

Gasketed plate heat exchangers are limited in pressure and temperature by the gasket sealing capabilities

[62, 90, 69, 83]. Brazed plate heat exchangers eliminate the need for a gasket by employing an all-

metal core [62, 69]. As a result, the brazed plate heat exchanger is suitable for higher pressures and

temperatures compared to the gasketed plate heat exchanger [69]. A drawback of the brazed plate heat

exchanger is that the permanently sealed plates don’t allow for easy dismantling or mechanical cleaning.

Additionally, they are mainly manufactured for small-scale applications [69, 62]. Welded plate heat

exchangers can handle even more extreme pressures and temperatures because of stronger seals [90, 83].

Just like brazed plate heat exchangers, their main drawback is that they are sealed; however, welded

plate heat exchangers are often available for large-scale applications [69]. Both brazed and welded plate

heat exchangers are limited in the differential pressure between the two fluids [69, 90].

Plate heat exchangers can also be constructed with fins, increasing heat-transfer area and effectiveness.

Plate-fin heat exchangers are mainly used for gas-to-gas applications. They are highly customiz-

able, enabling crosscurrent, countercurrent, cross-countercurrent, co-current flow, and multi-stream

configurations [62, 83, 69].
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Multiple-pipe heat exchanger Multiple-pipe heat exchangers can also achieve very small approach

temperatures and they can easily be designed for high pressures and temperatures. They have a flexible

design, but low area density makes them physically larger and heavier than plate heat exchangers. As a

result, their use at large thermal duties is uneconomical and unfeasible [83, 69].

Shell-and-tube heat exchanger The shell-and-tube heat exchanger is the most robust and well-known

heat exchanger and can be designed for almost any application. They can easily be designed for high

(differential) pressures and temperatures; however, they are less capable of achieving a temperature

cross and small temperature approaches than other heat exchangers, but they can be arranged in series

to compensate. While this increases costs, their scalability advantage usually compensates at large

thermal duties [90, 83].

2.5. Reference heat supply
Established heat-supply technologies provide industrial references for determining the feasibility

of high-temperature heat pumps upgrading sensible heat over a temperature glide. The reference

heat-supply technologies include a gas-driven boiler, an electric boiler, and a conventional VCHP. The

investigated and reference technologies are compared on their thermodynamic performance, investment

costs, and LCOH.

Gas-driven boiler Gas-driven boilers are a mature technology and represent the industry standard

for supplying process heat. They can produce hot water while achieving high combustion efficiencies,

can be scaled to very large sizes (250 𝑀𝑊), and have long technical lifetimes [38].

Electric boiler Electric boilers are a mature, simple technology that represents a direct-electrification

reference. They can also produce hot water with high efficiency, but they are more costly and have a

shorter technical lifetime than gas-driven boilers [38].

Conventional vapor-compression heat pump A conventional subcritical VCHP using a pure working

fluid represents a potential future industrial reference using isothermal heat transfer. They are even

more costly than electric boilers, but they achieve significantly better efficiencies by using a heat source

[38].

2.6. Implications for the evaluation methodology
The reviewed high-temperature heat pump cycles, working-fluid criteria, equipment requirements, and

reference technologies indicate that the thermodynamic performance and integration potential of high-

temperature heat pumps into industrial sensible heat processes must be evaluated through a combined

thermodynamic, practical, and techno-economic methodology. The reviewed high-temperature heat

pump cycles offer different approaches to absorbing and rejecting heat with a temperature glide, each

with its own working-fluid and equipment trade-offs.

Therefore, the screening must combine thermodynamic, environmental, safety, and practical criteria

to evaluate working-fluid and cycle combinations. Additionally, a preliminary equipment design and

economic evaluation are required to evaluate potential trade-offs with equipment limitations, feasibility

risks, and investment costs. Finally, a comparison with reference technologies must show the overall

potential of high-temperature heat pump absorbing and rejecting heat with a temperature glide for

industrial sensible heat applications.



3
Methodology

This chapter describes the modeling, screening, selection, and evaluation methodology used to compare

high-temperature heat pumps for a sensible heat source and heat sink. First, the overall simulation

and evaluation procedure is introduced, followed by the thermodynamic models for the VCHP and

RBHP. Next, the performance indicators, Pareto-based multi-objective screening, and working-fluid

family analysis are introduced, along with selection criteria for selecting favorable working fluids from

the thermodynamic screening. Finally, the equipment feasibility assessment, sizing relations, and cost

estimations are presented.

3.1. Simulation and evaluation procedure
The simulation and evaluation procedure is structured to identify, select, and evaluate promising

working-fluid cycle combinations for the VCHP and RBHP and compare them to the ACHP. ?? shows an

overview of the simulation and evaluation procedure.

Figure 3.1: Overview of the simulation and evaluation procedure to identify, select and evaluate working-fluid cycle combinations

for the vapor-compression and reversed-Brayton heat pump and compare them to the absorption-compression heat pump.

For the three heating scenarios, a thermodynamic screening of working fluids is performed for the VCHP

and the RBHP. The VCHP and RBHP are simulated and thermodynamically optimized for every pure

fluid and binary mixture with 10 𝑚𝑜𝑙% increments of the working fluids presented in subsection 2.3.3.

Table A.1 lists the main thermodynamic, environmental, and safety characteristics of these working

fluids. The ACHP is not simulated because of limited flexibility in working-fluid selection and the

13
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added complexity of modeling thermochemical reactions. Instead, performance data were obtained

directly from a commercial technical vendor through McDermott.

The VCHP and RBHP simulation results are screened and analyzed using the performance indicators, a

Pareto-based multi-objective screening, and a working-fluid family mean performance analysis. Working

fluids for further evaluation are then selected based on the screening results and environmental, safety,

and practical criteria. For the selected working-fluid cycle combinations, an equipment feasibility and

economic evaluation is performed.

The thermodynamic simulations are performed for a heating duty of 1𝑀𝑊 , and the economic evaluation

is performed for both a heating duty of 1 𝑀𝑊 and 10 𝑀𝑊 . For the ACHP, two suitable vendors were

identified; however, only one met the minimum heat sink temperature requirement (150 °C). The ACHP

is considered only for heating scenario S1, as the reported maximum heat sink temperature for this

system was 160 °C. The performance data were obtained for a heating duty of 1 𝑀𝑊 .

3.2. Thermodynamic models
Working-fluid cycle combinations for the VCHP and RBHP are modeled and optimized for the three

heating scenarios to screen and select favorable combinations. This section presents the thermodynamic

models and optimization methods, along with the performance indicators used to evaluate the simulation

results.

Both the VCHP and RBHP models were developed in Python 3.13.3 [70] and use the NIST REFPROP V10

[60] database, accessed via the CoolProp Python interface, to calculate thermophysical properties [15,

14]. The NIST REFPROP database provides some of the most accurate thermophysical property models

for a large variety of industrially relevant fluids and fluid mixtures [60]. However, thermophysical

property calculations can fail to converge, especially near phase boundaries, critical regions, or for

mixtures under conditions where the used property model is numerically sensitive. In this study, these

cases are referred to as failed property calculations. Several procedures are implemented to prevent

failed property calculations from causing unusable simulation results and are described throughout the

following sections.

3.2.1. Vapor-compression heat pump
Figure 3.2 shows an overview of the VCHP simulation procedure, which consists of a thermodynamic

model and an optimization procedure. This section outlines the model and optimization assumptions

and constraints, along with validation against literature data.

Figure 3.2: Overview of the simulation procedure for the vapor-compression heat pump consisting of a thermodynamic model

and an optimization procedure that maximizes condenser and internal heat exchanger heat transfer.

Thermodynamic model The VCHP was modeled as a simple cycle with an IHX as shown in Figure 3.3.

The model is based on the first and second laws of thermodynamics. For all components, the steady-

state mass and energy balances are satisfied, and no mass or energy is lost to the environment. The

compression is modeled using an isentropic efficiency, as given in Equation 3.1, where ℎ𝑖 and ℎ𝑜 denote

the enthalpy values at the inlet and outlet of the compressor, and ℎ𝑜,𝑠 denotes the enthalpy value at the

outlet of the compressor for an isentropic compression.
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𝜂𝑖𝑠 ,𝑐𝑜𝑚𝑝 =
ℎ𝑜,𝑠 − ℎ𝑖
ℎ𝑜 − ℎ𝑖

(3.1)

The compression is also constrained to avoid liquid formation during compression (wet compression).

The expansion valve is modeled as an isenthalpic process. The heat exchangers are constrained using

a minimum approach temperature. The heat exchanger paths are discretized into 100 state points

to validate the constraints. At least 90% of these property calculations of the heat exchanger state

points must succeed. The compression path is also discretized into 100 state points to check the wet

compression constraint, with the same minimum property-calculation success rate requirement. The

constraints and assumptions of the VCHP model are:

1. The compression has an isentropic efficiency of 80%.

2. The minimum approach temperature for the evaporator, condenser, gas cooler, and IHX is 5 K.

3. No pressure losses occur in the system.

4. The condenser outlet is liquid.

5. The compression remains in a gaseous state at all times.

Condenser

IHX

Evaporator

Compressor

Expansion valve

Sink

Source

𝑄

𝑄

𝑄

Working fluid

Figure 3.3: Process flow diagram of a single-stage vapor-compression heat pump with an internal heat exchanger.

Optimization The VCHP cycle is thermodynamically optimized based on the work of Lammers [59]. It

entails a fast, stepwise, iterative, constraint-based approach that maximizes heat transfer in the condenser

and evaporator, starting from the minimum approach temperatures of the heat source and heat sink.

Additionally, the degree of superheating is optimized using the total entropy production, thereby

maximizing heat transfer in the IHX. If the cycle cannot meet the IHX constraints, the optimization is

performed for a simple cycle without an IHX.

Validation The resulting model was validated by reproducing the thermal oil heating operating case

reported by Vieren et al. [95]. It operated with pure acetone and assumed an isentropic efficiency of

75 % for the compressor, a minimum approach temperature of 5 K in the evaporator and condenser,

an IHX effectiveness of 75 %, and the pressure levels and amount of superheating and subcooling

were optimized with respect to a maximum COP. Validation was performed with the same modeling

assumptions, except for the IHX, which was modeled with a minimum approach temperature of 5 K.

Table 3.1 compares the results and shows minimal deviations.

3.2.2. Reversed-Brayton heat pump
Figure 3.4 shows an overview of the RBHP simulation procedure, which uses the thermodynamic

model in multiple optimization iterations to find the global optimum within its pressure operating
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domain. This section outlines the assumptions and constraints of the thermodynamic model and the

optimization procedure and algorithm, along with a validation of the simulation against literature data.

Figure 3.4: Overview of the simulation procedure for the reversed-Brayton heat pump consisting of a thermodynamic model and

an optimization procedure. The optimization procedure consists of a grid search and a local optimization using a sequential least

squares quadratic programming method.

Thermodynamic model The RBHP was modeled as a simple cycle without an IHX, as shown in

Figure 3.5b, and as a simple cycle without an IHX, as shown in Figure 3.5a. The model satisfies the same

mass and energy balances and assumptions as the VCHP model. The compression and expansion are

modeled using an isentropic efficiency, as given in Equation 3.1 and Equation 3.2.

𝜂𝑖𝑠 ,𝑡𝑢𝑟𝑏 =
ℎ𝑜 − ℎ𝑖
ℎ𝑜,𝑠 − ℎ𝑖

(3.2)

The gas heater and gas cooler are constrained using a minimum approach temperature. The gas

heater and gas cooler paths are discretized into 10 state points to validate the constraints. At least

90% of these property calculations of the heat exchanger state points must succeed. The expansion

path is also discretized into 10 state points to check for liquid formation, with the same minimum

property-calculation success rate requirement. As the RBHP model is computationally significantly less

efficient than the VCHP model, the number of discretization points is also chosen to be significantly

lower. The IHX is modeled using the effectiveness-NTU method, as shown in Equation 3.3, where
¤𝑄 is

the heat flow in the IHX, ¤𝑚 is the mass flow of the working fluid, 𝑐𝑝,𝑚𝑖𝑛 is the minimum of the isobaric

specific heats of the hot and cold stream in the IHX, and 𝑇𝑖 ,ℎ𝑜𝑡 and 𝑇𝑖 ,𝑐𝑜𝑙𝑑 are the inlet temperatures of

the hot and cold streams in the IHX.The constraints and assumptions of the RBHP model are:

1. The compression has an isentropic efficiency of 75%.

2. The expansion has an isentropic efficiency of 75 %.

3. The minimum approach temperature for the gas heater and cooler is 7.5 K.

4. The IHX has an effectiveness of 85%.

5. The expansion remains in a gaseous state at all times

6. No pressure losses occur in the system.

Table 3.1: Comparison of the vapor-compression heat pump model results to simulation results reported by Vieren et al. [95] for

pure acetone with a heat source of sensible heat from 100 °C to 90 °C and a heat sink of sensible heat from 140 °C to 200 °C.

Source COP Pressure ratio Condenser pressure Evaporator pressure

[-] [-] [𝑏𝑎𝑟] [𝑏𝑎𝑟]

Vieren et al. [95] 3.34 9.24 23.14 2.46

Model 3.40 9.09 22.61 2.49

Relative difference [%] 1.9 1.6 2.3 1.1
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¤𝑄𝐼𝐻𝑋 = 𝜖𝐼𝐻𝑋 ¤𝑚𝑐𝑝.𝑚𝑖𝑛(𝑇𝑖 ,ℎ𝑜𝑡 − 𝑇𝑖 ,𝑐𝑜𝑙𝑑) (3.3)
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Figure 3.5: Process flow diagram of a reversed-Brayton heat pump (a) without and (b) with an internal heat exchanger.

Optimization The RBHP cycle is thermodynamically optimized using a gradient-based constrained

optimization. Specifically, the sequential least squares quadratic programming (SLSQP) method

implemented by SciPy for non-linear constrained optimization in Python [57, 96]. While a stepwise

iterative model, as used for the VCHP, is computationally more efficient, it converges to the first point

where all constraints are met. However, for some RBHP cycles, this is not a thermodynamic optimum.

An SLSQP optimization allows for an optimum search across the full design space while rigorously

enforcing all constraints. It approximates the objective function quadratically and combines it with

linearized constraints to find an optimum. It requires careful tuning of the variable and constraint

scaling, the constraint fault margins, and the precision target.

To balance computational effort and accuracy, a grid-search optimization strategy is implemented.

The high-side pressure design space was evaluated sequentially at five grid points using a perturbed

warm-start approach; subsequently, local optimization was performed in a bounded neighborhood of

the best-performing grid point, with high-side pressure added as an additional variable. The warm-start

approach uses the local optimum coordinates from the previous grid-point optimization as the starting

coordinates for the current optimization.

As SLSQP is a local optimizer, it can converge to infeasible regions or fail near boundaries. To ensure

robustness, a custom algorithm was developed by testing over a wide range of working fluids. If

the optimization failed or converged to an infeasible region during the grid search, the results are

not used for the final local optimization and the warm-start approach. If the final local optimization

failed, converged to an infeasible region, or produced a result inferior to that identified in the grid

search, additional optimization runs are initiated with other perturbations and with adaptively adjusted

simulation bounds near infeasible regions. The constraints and assumptions of the RBHP optimization

are:

1. The grid search is performed at 50, 100, 150, 200, and 250 bar.

2. The final optimization is performed within ±50 bar of the best-performing grid point, with a

maximum of 250 bar.
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Table 3.2: Comparison of the reversed-Brayton heat pump model results to simulation results reported by Zühlsdorf et al. [103]

for pure CO2 with a heat source of sensible heat from 110 °C to 60 °C and a heat sink of sensible heat from 140 °C to 280 °C.

Source COP Mass flow rate Pressure ratio Compressor discharge pressure Compressor discharge temperature

[-] [𝑘𝑔/𝑠] [-] [𝑏𝑎𝑟] [°C]

Zühlsdorf et al. [103] 1.72 279 3.44 140 290

Model 1.70 287 3.32 140 293

Relative difference [%] 1.0 2.9 3.3 0.0 1.1

Validation The resulting model was validated by reproducing the alumina production operating case

reported by Zühlsdorf et al. [103]. It operated with pure CO2 and assumed an isentropic efficiency of

75% for both the compressor and turbine, a motor and gear efficiency of 95%, a minimum approach

temperature of 7.5 K in all heat exchangers, and the pressure levels were optimized with respect to

a maximum COP, with a maximum pressure of 140 𝑏𝑎𝑟. The validation used the same modeling

assumptions, except for the IHX, which was modeled with an effectiveness of 85%. A comparison of the

results is listed in Table 3.2 and shows minimal deviations.

3.2.3. Performance indicators
The simulation results are evaluated using indicators representing thermodynamic performance,

compactness and equipment demand, and operating severity and feasibility. The COP and Lorenz

efficiency characterize thermodynamic performance; VHC and heat-transfer area provide preliminary

indications of compressor and heat-exchanger size and requirements; and pressure ratio as well as

compressor discharge pressure and temperature indicate compressor and equipment feasibility.

The COP determines the heat pump’s energy efficiency and strongly influences the electricity consump-

tion, operational costs, and LCOH. The COP is defined in Equation 3.4, where
¤𝑄𝑜𝑢𝑡 is the heat rejected

to the heat sink and
¤𝑊𝑖𝑛 is the required work of the heat pump in𝑊𝑎𝑡𝑡. The required work

¤𝑊𝑖𝑛 equals

the work of the compressor for the VCHP and the difference between the work of the compressor and

the work extracted from the expander for the RBHP.

𝐶𝑂𝑃 =
¤𝑄𝑜𝑢𝑡

¤𝑊𝑖𝑛

(3.4)

The work of the compressor𝑊𝑐𝑜𝑚𝑝 is given by Equation 3.5, and the work of the turbine𝑊𝑡𝑢𝑟𝑏 is given

by Equation 3.6, where ¤𝑚𝑤 𝑓 is the mass flow rate of the working fluid in 𝑘𝑔/𝑠.

¤𝑊𝑐𝑜𝑚𝑝 = ¤𝑚𝑤 𝑓 (ℎ𝑜,𝑐𝑜𝑚𝑝 − ℎ𝑖 ,𝑐𝑜𝑚𝑝) (3.5)

¤𝑊𝑡𝑢𝑟𝑏 = ¤𝑚𝑤 𝑓 (ℎ𝑜,𝑡𝑢𝑟𝑏 − ℎ𝑖 ,𝑡𝑢𝑟𝑏) (3.6)

The Lorenz efficiency compares cycle performance across heating scenarios by relating the COP to the

ideal Lorenz COP, as given by Equation 3.7.

𝜂𝐿𝑜𝑟𝑒𝑛𝑧 =
𝐶𝑂𝑃

𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧
(3.7)

VHC relates the heat rejected to the heat sink to the compressor inlet volumetric flow and indicates the

compressor’s compactness. While a compact compressor is associated with smaller power input and

heat losses, it can result in a small inlet volumetric flow, complicating design for certain compressor

types at small scales. For larger heating duties, the absolute volumetric flow also increases, allowing

high VHC while maintaining compressor feasibility. The volumetric heating capacity 𝑉𝐻𝐶 is given by

Equation 3.8, where
¤𝑉𝑖𝑛,𝑐𝑜𝑚𝑝 is the volumetric flow rate at the compressor inlet in 𝑚3/𝑠.

𝑉𝐻𝐶 =
¤𝑄𝑜𝑢𝑡

¤𝑉𝑖𝑛,𝑐𝑜𝑚𝑝
(3.8)
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The required heat-transfer area determines the size and cost of the heat exchangers [83, 90]. The required

heat-transfer area for a pure counter-current flow heat exchanger is given by Equation 3.9, where the

overall heat-transfer coefficient𝑈 is approximated using the fluid heat-transfer coefficients, and the wall

and fouling-layer heat-transfer resistances are assumed negligible.

𝐴 =
¤𝑄

𝑈Δ𝑇𝐿𝑀𝑇𝐷
(3.9)

The fluid heat-transfer coefficients 𝛼ℎ and 𝛼𝑐 are estimated using literature correlations and assumptions.

As a result, the estimated heat-transfer area does not represent the final heat exchanger design, but it

does compare working fluid properties and heat-transfer behavior, indicating size and capital costs. The

heat-transfer coefficient correlations are discussed in detail in subsection 3.4.2.

The pressure ratio dictates compression staging and intercooling requirements, increasing complexity

and costs as well as compromising efficiency [27, 8]. The pressure ratio Π is given by Equation 3.10,

where 𝑝𝑜𝑢𝑡 and 𝑝𝑖𝑛 are the compressor outlet and inlet pressures. Furthermore, the compressor discharge

pressure and temperature are thermodynamic simulation results and are key to compressor selection

and design, as well as overall safety, complexity, and costs.

Π =
𝑝𝑜𝑢𝑡

𝑝𝑖𝑛
(3.10)

3.3. Working-fluid screening and selection criteria
VCHP and RBHP working-fluid cycle combinations are screened and interpreted to select favorable

candidates for further preliminary equipment and economic evaluation. This section presents a

working-fluid screening method, a working-fluid family analysis method, and environmental, safety,

and practical selection criteria for favorable working fluids. Additionally, it presents a method for

assessing the flammability of a working-fluid mixture. The screening and family analysis also provide

complementary checks on result consistency. Agreement across the two methods reduces the influence

of isolated results that may result from numerical anomalies such as unstable optimizer convergence,

REFPROP instabilities, or uncertainty in heat-transfer coefficient correlations.

3.3.1. Pareto-based multi-objective screening
Pareto-based multi-objective screening evaluates four primary objectives: maximizing COP, maximizing

VHC, minimizing pressure ratio, and minimizing the total estimated heat-transfer area. These objectives

represent electricity consumption and operational costs, compressor compactness and simplicity, and

heat exchanger size and costs.

A working-fluid cycle combination is identified as Pareto-optimal when no other result simultaneously

achieves a higher COP, higher VHC, lower pressure ratio, and a lower heat-transfer-area requirement.

In addition to identifying working fluids with a favorable balance between the primary performance

indicators, the Pareto-based screening is also used to analyze trends across the simulation results, such

as performance trade-offs across the heating scenarios or frequently Pareto-optimal fluids and mixtures.

3.3.2. Working-fluid family mean performance analysis
The working-fluid family mean performance analysis complements the individual-fluid Pareto screening

by identifying whether favorable performance is characteristic of a broader chemical family or limited

to individual fluids or mixture compositions. Thermodynamic trends across distinct working-fluid

families are identified by analyzing the mean performance indicators of the best-performing working

fluids within a working-fluid family. An individual working fluid is assigned to a fluid family when the

combined mole fraction of the components belonging to that family is at least 50 𝑚𝑜𝑙%.

3.3.3. Environmental, safety and practical selection criteria
The non-thermodynamic feasibility of a working fluid is assessed by evaluating several environmental,

safety, and practical selection criteria. In this section, the properties assessed and evaluations performed

to select a favorable working fluid are listed:
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• Only working fluids with minimal to zero ODP and GWP are selected.

• Non-PFAS working fluids are preferred. Minimal TFA formation potential is preferred for working

fluids containing PFAS.

• Non-flammable working fluids are preferred. A high LFL and an AIT well above the compressor

discharge temperature are preferred for flammable working fluids.

• Non-toxic working fluids are preferred. A high OEL is preferred for toxic working fluids.

• Working fluids that are known to be resistant to thermal decomposition and have a high OEL are

preferred.

• Working fluids that are compatible with common materials and oils are preferred.

• Working fluids that have been studied for use as a high-temperature heat pump working fluid are

preferred.

3.3.4. Flammability classification of working-fluid mixtures
The flammability of a working-fluid mixture is assessed by estimating the ISO 817 safety classification

of the mixture via the LFL. This section presents a calculation method for the LFL of the working-fluid

mixture.

The LFL is calculated using the ISO 10156:2017 calculation method for mixtures of flammable gases,

mixtures of flammable gases with nitrogen and/or air, and mixtures of flammable gases with other

inert gases [33, 78]. Equation 3.11 is used for mixtures of flammable gases, nitrogen, and air. 𝐿𝐹𝐿𝑀 and

𝐿𝐹𝐿𝑖 are the lower flammability limits of the mixture and the flammable gas in 𝑚𝑜𝑙%, respectively, and

𝐴𝑖 is the molar fraction in 𝑚𝑜𝑙% of the flammable gas 𝑖.

𝐿𝐹𝐿𝑀 =
100∑𝑛
𝑖

𝐴𝑖
𝐿𝐹𝐿𝑖

(3.11)

Equation 3.12 is used in accordance with Equation 3.13 for mixtures of flammable gases with air and

other inert gases other than nitrogen. 𝐿𝐹𝐿′
𝑖
is the corrected lower flammability limit of a flammable gas

due to the change in molar heat capacity of the air-inert mixture, 𝐿𝐹𝐿′
𝑀

is the average lower flammability

limit of the mixture of flammable gases weighted according to their molar fractions, calculated with

Equation 3.11, 𝐾 is the average nitrogen equivalence value of the inert gases weighted according to their

molar fractions, and 𝐵𝑘 is the molar fraction in 𝑚𝑜𝑙% of inert gas 𝑘.

𝐿𝐹𝐿𝑀 =
100∑𝑛
𝑖

𝐴𝑖
𝐿𝐹𝐿′

𝑖

(3.12)

𝐿𝐹𝐿′𝑖 =
100 − 𝐿𝐹𝐿′

𝑀
− (1 − 𝐾)

∑𝑖
𝑝 𝐵𝑘∑𝑛
𝑖 𝐴𝑖

𝐿𝐹𝐿′
𝑀

100 − 𝐿𝐹𝐿′
𝑀

𝐿𝐹𝐿𝑖 (3.13)

The required lower flammability limit and nitrogen-equivalence data of working fluids were retrieved

from the CHEMSAFE database for Safety Characteristics in Explosion Protection, maintained by the

Bundesanstalt für Materialforschung und -prüfung [67].

3.4. Equipment sizing and economic evaluation
The thermodynamic simulation results provide the necessary information required for preliminary

equipment design and economic evaluation of the VCHP and RBHP. This section defines the equipment

types assessed and translates the simulation results into an equipment choice. The resulting equipment is

dimensioned to assess feasibility and estimate the components’ investment costs. Finally, the component

costs are combined with the electricity consumption and operating assumptions to assess the financial

feasibility in the form of the LCOH.
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3.4.1. Equipment selection
Based on the findings from chapter 2 and the thermodynamic simulation results, preliminary equipment

design starts with the choice of equipment type. In this section, the design choices for the compressor,

heat exchanger, and turbine are defined to assess the feasibility of the VCHP and RBHP.

Compressor Centrifugal, reciprocating, and rotary screw compressors are all considered as possible

solutions for VCHP and RBHP. Centrifugal compressors are generally preferred over screw and

reciprocating compressors for higher discharge pressures and temperatures as well as higher volumetric

flow rates. Additionally, they are reliable and common for industrial-scale operation. Reciprocating

compressors are more common for smaller volumetric flow; however, their pulsating flow, maintenance,

and lubricant requirements can drive up costs, and they are not suited for discharge temperatures above

200 °C. Oil-free rotary screw compressors are able to achieve slightly higher discharge temperatures,

but are limited in their discharge pressure.

The feasibility of a centrifugal compressor for a high-temperature heat pump cycle is assessed by evaluat-

ing the optimal rotational speed, impeller diameter, and isentropic efficiency, using the one-dimensional

loss model presented in subsection 3.4.2. Designs with rotational speeds above approximately 50 𝑘𝑟𝑝𝑚
and impeller diameters below approximately 15 𝑐𝑚 are assessed as less feasible, and the applicability

of a reciprocating or oil-free rotary screw compressor is evaluated based on the volumetric flow and

discharge conditions. No detailed dimensioning is performed for reciprocating and screw compressors,

and their maximum pressure ratios are assumed to be 4 and 10, respectively.

Heat exchangers Multiple-pipe, welded plate, and shell-and-tube heat exchangers each have their own

applicability range for the VCHP and RBHP. The feasibility of these heat exchangers was discussed with

an expert from McDermott and was found to be sufficient; however, detailed design might reveal other

trade-offs [12]. Multiple-pipe heat exchangers can handle high (differential) pressures and temperatures

and achieve a close temperature approach; however, they are only feasible at small scales. Welded plate

heat exchangers offer similar advantages and are feasible at larger scales; however, they can handle

limited differential pressure. Shell-and-tube heat exchangers may require more complex configurations

to achieve a close temperature approach, but they are largely unrestricted in pressure, temperature, and

size applicability.

The applicability and feasibility of the multiple-pipe and welded plate heat exchangers are evaluated

based on the required heat-transfer area and differential pressure. When neither heat exchangers are

applicable or feasible, fixed tubesheet shell-and-tube heat exchangers are assumed. Based on the cost

correlations and bare module factors in subsection 3.4.3 and the heat-transfer coefficient estimation

in subsection 3.4.2, multiple-pipe heat exchangers are estimated to be economically feasible up to the

estimated plate heat exchanger heat-transfer area of approximately 100 𝑚2
, and shell-and-tube heat

exchangers are estimated to be cheaper than welded plate heat exchangers for estimated plate heat

exchanger heat-transfer areas approximately larger than 200 𝑚2
. Based on the literature discussed in

subsection 2.4.3 welded plate heat exchangers are assumed to be applicable up to a differential pressure

of 50 𝑏𝑎𝑟.

Radial turbine Only radial turbines are considered as options for the RBHP. Radial turbines can

achieve high efficiencies and are suitable for high pressures and temperatures; however, they are not

feasible for small volumetric flows. Axial turbines can also achieve high efficiencies and are suitable for

high pressures and temperatures, but they require very large volumetric flows.

The feasibility of radial turbines is evaluated based on the centrifugal compressor sizing results. Radial

turbines are similar to centrifugal compressors and can be dimensioned using similar models [92].

Additionally, they operate with similar volumetric flows and the same pressure ratio. A radial turbine is

assessed as less feasible if the centrifugal compressor design is below its feasibility limits.

3.4.2. Component dimensioning
Component dimensions are derived from the thermodynamic simulation results to assess equipment

feasibility and estimate component investment costs. In this section, the size and efficiency of centrifugal

compressors and the heat-transfer area required for the heat exchangers are estimated.
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Centrifugal compressor sizing The total pressure ratio from the thermodynamic simulation results is

divided by the number of compression stages, and each stage is evaluated using a one-dimensional,

loss-correlation-based model. The number of compression stages is chosen to achieve a pressure ratio

per stage of roughly 2 to 3.

Uusitalo et al. [94, 93] presents a one-dimensional, loss-correlation-based model for finding the optimal

rotational speed iteratively using minimal inputs. The method involves solving velocity triangles and

determining the compressor’s main dimensions and losses per compression stage. The isentropic

efficiency per compression stage 𝜂𝑖𝑠 ,𝑠𝑡 is determined based on the losses using Equation 3.14, where Δℎ𝑖𝑠
is the isentropic compression enthalpy difference and Δℎ𝑙𝑜𝑠𝑠 is the total enthalpy loss of the compression.

𝜂𝑖𝑠 ,𝑠𝑡 =
Δℎ𝑖𝑠

Δℎ𝑖𝑠 + Δℎ𝑙𝑜𝑠𝑠
(3.14)

The total enthalpy loss Δℎ𝑙𝑜𝑠𝑠 is calculated using Equation 3.15, where each term denotes a specific

enthalpy term Δℎ that can be estimated using correlations from the literature.

Δℎ𝑙𝑜𝑠𝑠 = Δℎ𝑑 𝑓 + Δℎ𝑡𝑐 + Δℎ𝑠 𝑓 + Δℎ𝑏𝑙 + Δℎ𝑟𝑒𝑐 + Δℎ𝑚𝑖𝑥 + Δℎ𝑑𝑖 𝑓 𝑓 (3.15)

Specifically, these include disk friction, tip clearance, skin friction, blade loading, recirculation loss,

mixing loss, and diffuser loss. The correlations for each term were selected from literature by Lammers

[59] and are listed in Table B.1. They entail the same correlations used by Uusitalo et al. [93], only with

slightly simpler geometrical assumptions.

To determine the compressor design resulting in the highest isentropic efficiency for a given number of

compression stages, the specific speed is varied from 0.6 to 1.3. For each specific speed, the isentropic

efficiency per stage is then determined iteratively based on an efficiency guess. For that initial guess, the

preliminary outlet state, stage work, velocity triangles, and impeller geometry are determined. Next, the

enthalpy losses and the resulting updated isentropic efficiency are determined. The updated efficiency

is used as input for the next iteration, and the procedure is repeated until the calculated efficiency

converges to the efficiency used to evaluate the losses. When multiple stages are used, the rotational

speed determined for the first compression stage is used for the subsequent stages, allowing a shared

driving axis. The overall isentropic efficiency is calculated as the inlet-to-outlet isentropic efficiency,

obtained by sequentially calculating the outlet states. The assumed fixed dimensions, dimension ratios,

and parameters for the centrifugal compressor sizing calculations were compiled by Uusitalo et al. [93]

and are listed in Table 3.3.

Table 3.3: Input parameters for the centrifugal compressor sizing and efficiency estimation.

Parameter Description Value Reference

𝑍 Number of blades 18 [94, 93]

𝛿𝑏 Blade thickness 2 𝑚𝑚 [94, 93]

𝑡 Tip clearance height 0.5 𝑚𝑚 [94, 93]

𝐷1,𝑡 𝑖𝑝/𝐷2 Impeller inlet tip to outlet diameter ratio 0.5 [64]

𝐷1,ℎ𝑢𝑏/𝐷1,𝑡 𝑖𝑝 Impeller inlet hub-to-tip diameter ratio 0.3 [64]

𝐶𝑢2/𝑈2 Peripheral absolute velocity to peripheral velocity ratio 0.65 [64]

𝐶𝑟2/𝑈2 Radial absolute velocity to peripheral velocity ratio 0.3 [64]

𝐷3/𝐷2 Diffuser outlet to impeller outlet diameter ratio 1.6 [51]

𝑏∗ Diffuser pinch 0.95 [51]

𝑒 Relative wake coverage of diffuser passage 0.25 [58]

The model is compared to three design studies of different compressor sizes and fluids. Additionally,

the results are compared with estimates from Uusitalo et al. [93]. The inlet state, pressure ratio, impeller

inlet hub-to-tip diameter ratio 𝐷1,ℎ𝑢𝑏/𝐷1,𝑡 𝑖𝑝 , diffuser outlet-to-impeller outlet diameter ratio 𝐷3/𝐷2,

blade thickness 𝑥, tip clearance height 𝑡, peripheral absolute velocity-to-peripheral velocity ratio 𝐶𝑢2/𝑈2,

and the rotational speed 𝑁 are set to the same value as the original compressor design or a value

evaluated as suitable by Uusitalo et al. [93] and the resulting isentropic efficiency 𝜂𝑖𝑠 and geometrical

parameters are compared in Table 3.4. The complete list of input parameters is listed in Table B.2.
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Table 3.4: Comparison of the one-dimensional loss-correlation model efficiency and geometrical parameters results to three

literature design studies and the estimation by Uusitalo et al. [93].

Compressor Fluid Source 𝜂𝑖𝑠 𝐷2 𝐷1,𝑡 𝑖𝑝 𝐷1,ℎ𝑢𝑏 𝑏2

[%] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚]

Compressor 1 Air Dewar et al. [25] (experimental) 79.4 270.9 134.9 40.5 12.2

Uusitalo et al. [93] (1D-model) 84.2 274.7 136.4 40.9 12.23

Model 84.3 266.9 133.5 40.0 11.15

Compressor 2 CO2 Kus and Nekså [58] (1D-model/CFD) 89/91 37.4 18.7 5.0 1.7

Uusitalo et al. [93] (1D-model) 87.9 34.8 18.5 5.0 2.55

Model 82.0 36.1 18.0 4.8 2.17

Compressor 3 R134a Schiffmann and Favrat [77, 76] (experimental) 79 20.0 11.2 4.0 1.2

Uusitalo et al. [93] (1D-model) 79.4 21.0 10.6 3.8 0.74

Model 81.1 20.1 10.1 3.6 0.73

The comparison results generally show good agreement between the estimated isentropic efficiency and

the geometrical parameters. The estimated isentropic efficiency shows some deviations but stays within

an acceptable range. The estimated rotor outlet blade height 𝑏2 of both the model and the estimations

by Uusitalo et al. [93] for the CO2 and R134a compressors show a similar deviation, which could be

explained by the smaller scale, which results in a higher sensitivity to the predicted flow angle, slip

model, and the used blade thickness [93]. Overall, the model can predict isentropic efficiency and

geometrical parameters with acceptable accuracy, especially for larger impeller diameters.

Heat exchanger sizing The heat exchangers are sized by estimating the required heat-transfer area

from the simulated heat duties, temperature profiles, and working-fluid properties. The LMTD is used

as the mean driving force, as all heat exchangers are assumed to behave as (near) ideal counter-current.

The overall heat-transfer coefficient is estimated using Equation 3.16, where the heat-transfer coefficients

of the working fluids and the water in the heat source and heat sink are determined using heat-transfer

coefficient correlations from literature. The heat transfer coefficient correlations and assumptions used

represent a plate heat exchanger. The estimated heat-transfer area is scaled to represent the required

heat-transfer area for heat exchangers with larger channels, such as the multiple-pipe or shell-and-tube

heat exchanger

1

𝑈
=

1

𝛼ℎ
+ 1

𝛼𝑐
(3.16)

Similar to the models’ minimum approach temperature constraints, the streams in the heat exchangers are

discretized into 100 state points for the VCHP and 10 for the RBHP, with a minimum property calculation

success rate requirement of 90%. At each state point, the heat-transfer coefficient is approximated using

a correlation appropriate to the heat-transfer process. The overall heat-transfer coefficient of the fluid

𝛼 is then calculated as the mean of the heat-transfer coefficients at each state point with successful

property calculations.

Different heat-transfer coefficient correlations are used for single-phase heating and cooling, evaporation,

condensation, supercritical heating, and supercritical cooling. For single-phase heating and cooling, a

correlation by Gnielinski [36] is used with the friction factor by Petukhov [66], a widely used correlation

based on the Reynolds and Prandtl numbers. For evaporation, the correlation by Shah [79] is used. It is

one of the most widely known correlations for the evaporation heat-transfer coefficient and considers

different boiling mechanisms to determine the most predominant one [32]. A different correlation by

Shah [81, 82] is used for condensation. It considers forced convection, gravity-driven condensation,

and a transition heat-transfer regime. It was evaluated using a large dataset and exhibited the fewest

deviations [80]. For supercritical heating and cooling, the correlations by Zhu et al. [102] and Liao

and Zhao [61] are used, respectively. Zhu et al. [102] uses a dimensionless supercritical number 𝐾
with thermophysical properties at the inner wall, which represents the thickness of the wall-attached

vapor-like fluid layer that dominates heat transfer, and showed superior accuracy [97]. Liao and Zhao

[61] also considers the thermophysical properties at the inner wall, and the correlation was constructed

based on experiments of supercritical CO2 in horizontal mini/micro channels [97].
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For all calculations, a mass flux 𝐺 of 300 𝑘𝑔/𝑠, hydraulic diameter 𝐷ℎ of 3 𝑚𝑚, and, if applicable, a wall

heat flux 𝑞 of 15 𝑘𝑊/𝑚2
and a temperature difference of 10 𝐾 between the wall and the bulk temperature

are assumed. The mass flux 𝐺, hydraulic diameter 𝐷ℎ , and wall heat flux 𝑞 were chosen based on

examples from Towler and Sinnott [90]. The full heat-transfer coefficient correlations are listed in detail

in Table B.3. To prevent property calculation failures from exceeding the maximum, small temperature

and pressure perturbations were applied during specific heat calculations until a successful calculation

was obtained or 100 iterations were reached.

It is assumed that the required heat-transfer area for multiple-pipe and shell-and-tube heat exchangers

is 3 times larger than the estimated heat-transfer area for plate heat exchangers based on the comparison

of heat-transfer coefficients of comparable fluids and heat exchangers listed in Compact heat exchangers:

a training package for engineers [69].

3.4.3. Equipment cost estimation
Equipment investment costs are used to assess the financial feasibility of VCHPs and RBHPs. In this

section, component dimensions and operating conditions from the thermodynamic simulation results

are used to estimate equipment investment costs.

The purchased equipment cost is estimated using cost correlations, and the total capital cost is estimated

using bare module factors to account for both direct costs and indirect costs for a process plant. Data for

the purchased cost of equipment at ambient operating pressure and using carbon steel construction

were fitted to Equation 3.17 by Turton et al. [91].

log
10
(𝐶0

𝑝) = 𝐾1 + 𝐾2 log
10
(𝐴) + 𝐾3(log

10
(𝐴))2 (3.17)

Table 3.5 lists the scaling parameter 𝐴, the minimum and maximum size of the scaling parameter, and

the variables 𝐾1, 𝐾2, and 𝐾3 used in the equation for the equipment considered. The cost correlations

are also used to scale sizes outside the indicated range when the equipment selection methodology

(subsection 3.4.1) deems it most feasible, and no objections to normal operation are found in the literature

assessed in this study. For example, it is assumed that reciprocating compressors are also available for

sizes smaller than 450 𝑘𝑊 at similar pricing. For these cases, the specific cost at the boundary of the

scaling range is used to calculate the cost.

Table 3.5: Equipment investment cost correlation parameters for 2011 [91].

Equipment Description Scaling parameter 𝐴 Range 𝑘1 𝑘2 𝑘3

Centrifugal and reciprocating compressors - Fluid power [𝑘𝑊] 450-3000 2.2897 1.3604 -0.1027

Rotary compressor - Fluid power [𝑘𝑊] 18-950 5.0355 -1.8002 0.8253

Radial turbine - Fluid power [𝑘𝑊] 100-1500 2.2476 1.4965 -0.1618

Electric drive Totally enclosed Shaft power [𝑘𝑊] 75-2600 1.9560 1.7142 -0.2282

Shell-and-tube heat exchanger Fixed tube sheet Area [𝑚2
] 10-1000 4.3247 -0.3030 0.1634

Multiple pipe heat exchanger - Area [𝑚2
] 10-100 2.7652 0.7282 0.0783

Plate heat exchanger - Area [𝑚2
] 10-1000 4.6656 -0.1557 0.1547

The bare module costs are calculated using Equation 3.18. The bare module factors 𝐹𝐵𝑀 are either

calculated using constants 𝐵1 and 𝐵2, a pressure factor 𝐹𝑃 , and a material factor 𝐹𝑀 , or are given directly

for a given construction material. Table 3.6 lists the constants and factors used for the equipment

considered and was compiled from literature by Turton et al. [91].

𝐶𝐵𝑀 = 𝐶0

𝑝𝐹𝐵𝑀 = 𝐶0

𝑝(𝐵1 + 𝐵2𝐹𝑃𝐹𝑀) (3.18)

Carbon steel is chosen for the equipment in contact with the heat pumps’ working fluids, and stainless

steel is chosen for equipment in contact with the process water of the heat source and heat sink. Several

average pressure factors are calculated or extrapolated from the data listed in Turton et al. [91]. Pressure

factors for high pressure in both the shell and tubes were used for multiple-pipe and shell-and-tube

heat exchangers, as this allows only the tubes to be constructed of stainless steel, resulting in a lower

overall bare module factor. For high-pressure plate heat exchangers, a pressure factor is estimated.
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Table 3.6: Bare module factors and calculation parameters for the equipment investment cost estimation [91].

Equipment Description 𝐵1 𝐵2 𝑓𝑃 𝑓𝑀 𝑓𝐵𝑀

Centrifugal compressor Carbon steel - - - - 2.7

Reciprocating compressor Carbon steel - - - - 3.4

Rotary compressor Carbon steel - - - - 2.4

Radial turbine Carbon steel - - - - 3.5

Electric drive Totally enclosed - - - - 1.5

Shell-and-tube heat exchanger 1.63 1.66

Carbon steel shell and tubes, <50 𝑏𝑎𝑟 1.1 1.0 3.5

Carbon steel shell and tubes, 50-100 𝑏𝑎𝑟 1.4 1.0 4.0

Carbon steel shell and tubes, >150 𝑏𝑎𝑟 1.6
1

1.0 4.3

Carbon steel shell, stainless steel tubes, <50 𝑏𝑎𝑟 1.1 1.8 4.9

Carbon steel shell, stainless steel tubes, 50-100 𝑏𝑎𝑟 1.4 1.8 5.8

Carbon steel shell, stainless steel tubes, >150 𝑏𝑎𝑟 1.6
1

1.8 6.1

Multiple pipe heat exchanger 1.74 1.55

Carbon steel shell and tubes, <50 𝑏𝑎𝑟 1.0 1.0 3.3

Carbon steel shell and tubes, 50-100 𝑏𝑎𝑟 1.2 1.0 3.6

Carbon steel shell and tubes, 100-150 𝑏𝑎𝑟 1.5 1.0 4.1

Carbon steel shell and tubes, >150 𝑏𝑎𝑟 1.8
1

1.0 4.5

Carbon steel shell, stainless steel tubes, <50 𝑏𝑎𝑟 1.0 1.8 4.5

Carbon steel shell, stainless steel tubes, 50-100 𝑏𝑎𝑟 1.2 1.8 5.1

Carbon steel shell, stainless steel tubes, 100-150 𝑏𝑎𝑟 1.5 1.8 5.9

Carbon steel shell, stainless steel tubes, >150 𝑏𝑎𝑟 1.8
1

1.8 6.8

Plate heat exchanger 0.96 1.21

Carbon steel, <50 𝑏𝑎𝑟 1.0 1.0 2.2

Carbon steel, 50-100 𝑏𝑎𝑟 1.5
2

1.0 2.8

Stainless steel, <50 𝑏𝑎𝑟 1.0 2.4 3.8

Stainless steel, 50-100 𝑏𝑎𝑟 1.5
2

2.4 5.3

1
Extrapolated

2
Estimated

All final costs are escalated to 2026 using the Chemical Engineering Plant Cost Index (846.1) and

converted to euros using a conversion rate of 0.87 EUR/USD.

3.4.4. LCOH
The thermodynamic performance and equipment investment costs are combined to assess the economic

performance of the VCHP and RBHP. In this section, the LCOH is calculated using the component

investment costs, the electricity consumption, and operating assumptions.

The LCOH relates total annualized investment and operating costs to the annually supplied heat and is

given by Equation 3.19.

𝑐ℎ =
𝑇𝐶𝐼 · 𝐶𝑅𝐹
𝑂𝐻 · ¤𝑄𝑠𝑖𝑛𝑘

+
∑
𝐶𝐹

𝑂𝐻 · ¤𝑄𝑠𝑖𝑛𝑘

(3.19)

The total annualized investment cost is given by the total capital investment 𝑇𝐶𝐼 and the capital recovery

factor 𝐶𝑅𝐹, which is given by Equation 3.20 and is determined by the interest rate 𝑖 and the project

lifetime 𝑛. The annualized operational costs are the sum of cash flows 𝐶𝐹 due to electricity consumption,

maintenance, and other operational expenses. The annually supplied heat is given by the annual

operational hours 𝑂𝐻 and the heat supplied to the heat sink
¤𝑄𝑠𝑖𝑛𝑘 .

𝐶𝑅𝐹 =
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1

(3.20)

The assumptions and parameters used in the LCOH calculation are listed in Table 3.7. Zühlsdorf et al.

[103] selected the specific capital investment for the gas-driven boiler and electric boiler for comparison

using the same cost estimation methods applied in this study. The operational expenditures (OPEX),

along with the electricity consumption, efficiency, and project lifetime, are compiled from Grosse et al.
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[38]. Finally, the electricity and gas prices were selected based on European averages for industrial

consumers [29, 30].

Table 3.7: Operational parameters for the levelized cost of heat estimation [38, 103].

Parameter Unit VCHP RBHP ACHP Gas boiler Electric boiler

Capital investment [
=C/𝑘𝑊] - - - 103 210

Fixed OPEX [𝑘=C/𝑀𝑊𝑡ℎ/𝑎] 2.7 2.7 2.7 1.9 0.5

Variable OPEX [
=C/𝑀𝑊ℎ] 1.7 1.7 1.7 0.2 0.2

Electricity consumption [%/𝑀𝑊𝑡ℎ] 7.0 7.0 7.0 0.4 101.0

Efficiency [%] - - - 95 -

Lifetime [𝑎] 25 25 25 35 20

Electricity price [
=C/𝑀𝑊ℎ𝑒 ] 100 ± 20

Natural gas price [
=C/𝑀𝑊ℎ𝑒 ] 50 ± 10

Operating hours [ℎ] 8000

Discount rate [%] 5

3.4.5. Scale evaluation
The equipment sizing and economic evaluation methodology is applied for heating duties of both

1 𝑀𝑊 and 10 𝑀𝑊 to evaluate the feasibility and economic performance of the VCHP and RBHP at

medium and large industrial scales. The thermodynamic simulations are performed for a heating duty

of 1 𝑀𝑊 , and it is assumed that the working-fluid mass flow and heat-transfer area scale linearly with

heating duty.

3.5. Reference heat supply
A conventional pure-fluid subcritical VCHP is modeled and sized using the same methodology and

assumptions as the other high-temperature heat pumps to compare performance, investment costs, and

LCOH. Cyclopentane is used because it has a high critical temperature and an AIT of 320 °C. Because

REFPROP property calculations consistently failed while estimating the heat transfer coefficient in the

evaporator, an overall heat-transfer coefficient of 3000𝑊/𝑚2 · 𝐾 was assumed for the evaporator.



4
Results

This chapter presents the results of the thermodynamic screening, working-fluid selection, equipment

sizing, and economic evaluation. First, the chapter analyzes the thermodynamic performance of the

VCHP and RBHP. The most promising working-fluid candidates are then selected using thermodynamic,

environmental, safety, and practical criteria. Finally, the equipment requirements, investment costs, and

LCOH for the selected working-fluid cycle combinations are evaluated.

4.1. Thermodynamic performance
This section analyzes the thermodynamic performance of the simulated working-fluid cycle combinations

across the different heating scenarios. The results are first screened to identify trends and working

fluids that optimally balance the primary performance indicators using Pareto-based multi-objective

screening. The primary performance and cycle behavior of the VCHP and RBHP are then compared

using high-COP working-fluid cycle combinations. Additionally, the primary performance of the VCHP

and RBHP is compared against the ACHP and conventional VCHP. The performance of characteristic

chemical families is compared to identify families with favorable performance properties. Next, the

effect of zeotropic mixtures, transcritical or supercritical operation, and the use of natural working fluids

on the COP and VHC are compared. Finally, the results are synthesized to select favorable working-fluid

cycle combinations for the VCHP and RBHP for each heating scenario for further evaluation.

4.1.1. Fluid screening
The thermodynamic simulation results for the VCHP and RBHP are screened using a Pareto-based

multi-objective method to identify working fluids that offer a favorable balance between COP, VHC,

pressure ratio, and estimated heat transfer area.

(a) (b) (c)

Figure 4.1: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC), along with the

required heat transfer area derived from the simulation results of the vapor-compression heat pump for different heating

scenarios: S1 (a), S2 (b), and S3 (c). Selected and Pareto-optimal mixtures, which maximize both COP and VHC while minimizing

pressure ratio and required heat transfer area, are highlighted.

27
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(a)
(b)

Figure 4.2: The relative occurrence of (a) individual fluids and (b) specific mixtures in the Pareto-optimal solutions of the

vapor-compression heat pump simulation results is compared for different heating scenarios. The occurrence of an individual

working fluid can be as a pure fluid or as part of a mixture, and the occurrence of a mixture can be any composition.

Figure 4.1 and Figure 4.3 compare the thermodynamic performance of the simulation results of the

VCHP and RBHP, respectively, across the three heating scenarios by plotting the COP against the

VHC, while also indicating the estimated heat transfer area. Each working-fluid simulation result is

represented by a grey circle, whose size indicates the estimated heat-transfer area. The Pareto-optimal

working fluids are highlighted with red circles, highlighting the trade-off between COP, VHC, and the

estimated heat-transfer area. Additionally, three high-COP mixtures are highlighted with crosses to

show how the performance of a selected working fluid can vary across the three heating scenarios.

Figure 4.2 and Figure 4.4 show the count of the most common individual working-fluid components and

specific mixtures as Pareto-optimal solutions across the three different heating scenarios for the VCHP

and RBHP, respectively. The occurrence of a working-fluid component (Figure 4.2a and Figure 4.4a and

4.4c) can be as a pure fluid or as part of a mixture and is displayed as a percentage of the total number

of Pareto-optimal working fluids. The occurrence of a mixture (Figure 4.2b and Figure 4.4b and 4.4d)

(a) (b) (c)

(d) (e) (f)

Figure 4.3: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC), along with the

required heat transfer area derived from the simulation results of the reversed-Brayton heat pump without (a, b, c) and with an

internal heat exchanger (d, e, f) for different heating scenarios: S1 (a & d), S2 (b & e), and S3 (c & f). Selected and Pareto-optimal

mixtures, which maximize both COP and VHC while minimizing pressure ratio and required heat transfer area, are highlighted.
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can be any composition and is displayed as the absolute number of occurrences. A mixture can occur

at most nine times, as there are nine different compositions. All fluids and mixtures with a relative

occurrence higher than 10% and 3%, respectively, are included in the figures. The legend shows the

total count of Pareto-optimal working fluids.

Vapor-compression heat pump Figure 4.1 displays a clear trade-off between a high COP and a high

VHC across all heating scenarios. Additionally, there is a trade-off between a small heat-transfer area

and either a high COP or a high VHC. For heating scenario S1, the COP-VHC trade-off is large, while for

S2 and S3, it is relatively small. Additionally, heating scenario S3 shows a different COP-VHC trade-off

shape than S1 and S2. The selected mixtures show acetone-cyclopropane and acetone-dimethylether

sitting atop the Pareto-optimal COP peak for both S1 and S2, but dropping significantly below and next

to the peak in S3. Acetone-isopentane displays opposite behavior. Overall, the results also show a very

large spread across the full set of simulation results.

Figure 4.2a shows that the Pareto-optimal solutions are dominated by a small group of working-fluid

components, especially in heating scenarios S1 and S2, and consist solely of natural fluids. For heating

scenario S3, the occurrence is more spread out across fluids, but S3 also has a very large number

of Pareto-optimal working fluids. Heating scenario S2 has the fewest Pareto-optimal working fluids.

Figure 4.2b shows that the most common Pareto-optimal mixtures occur with many compositions. This

high occurrence count is usually not limited to one heating scenario; however, they usually occur less

often in heating scenario S3.

Reversed-Brayton heat pump Figure 4.3 shows that a clear linear correlation exists between high

COP and high VHC in heating scenario S2. For heating scenario S1, this correlation also exists, but an

additional group of Pareto-optimal working fluids sits above the linear correlation group. For heating

scenario S3, the linear correlation is less clear, and the Pareto-optimal working fluids are more grouped

together. Overall, the results show less spread than the VCHP across the full set of simulation results.

The selected mixtures also, with one exception, show little variance in their performance.

(a)
(b)

(c)
(d)

Figure 4.4: The relative occurrence of (a & c) individual fluids and (b & d) specific mixtures in the Pareto-optimal solutions of the

reversed-Brayton heat pump simulation results (a & b) without and (c & d) with an internal heat exchanger is compared for

different heating scenarios. The occurrence of an individual working fluid can be as a pure fluid or as part of a mixture, and the

occurrence of a mixture can be any composition.
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Figure 4.4a shows that the Pareto-optimal solutions for the RBHP without an IHX are slightly dominated

by a small group of working-fluid components, which are somewhat evenly distributed across the three

heating scenarios. The total number of Pareto-optimal working fluids is also somewhat equal across

the heating scenarios. Figure 4.4b shows that the most common Pareto-optimal mixtures for the RBHP

without IHX also show little variance across the heating scenarios, with less common mixtures showing

mostly occurrence in heating scenario S3. Figure 4.4b and 4.4d show that the RBHP with an IHX shows

an even more equal distribution of the most common Pareto-optimal working-fluid components and

mixtures, also across the three heating scenarios.

4.1.2. Cycle comparison
High-COP working-fluid cycle combinations for the VCHP and RBHP are compared to the ACHP and

a conventional VCHP. The thermodynamic and temperature-glide behavior of the VCHP and RBHP

working-fluid cycle combinations are then evaluated individually. Figure 4.5 compares the primary

performance indicators and the Lorenz efficiency of high-COP working fluid cycle combinations to the

obtained ACHP vendor data and the modeled conventional VCHP.

(a) (b) (c)

(d) (e)

Figure 4.5: The coefficient of performance (COP), Lorenz efficiency, pressure ratio, volumetric heating capacity (VHC), and

estimated heat-transfer area of selected high-COP working-fluid cycle combinations of the vapor-compression heat pump and the

reversed-Brayton heat pump compared across the three heating scenarios to the obtained absorption-compression heat pump

vendor performance data and the modeled conventional pure fluid subcritical vapor-compression heat pump.

The VCHP achieves a consistently high COP and Lorenz efficiency but requires a significantly higher

pressure ratio for heating scenarios S2 and S3. The VCHP does require smaller pressure ratios than the

conventional VCHP. The COP and Lorenz efficiency of the RBHP are much less consistent and lower

than those of the VCHP, but the RBHP consistently requires a very small pressure ratio. The RBHP

also achieves very high VHCs, but requires large heat-transfer areas. The RBHP with IHX consistently

requires more heat-transfer area than the RBHP without IHX, but achieves a significant COP and

efficiency advantage over the RBHP without IHX only in heating scenario S3.

In heating scenario S1, the ACHP performs better than the RBHP and the conventional VCHP, but

not as well as the temperature-glide VCHP. In heating scenario S3, the performance advantage of the

temperature-glide cycles decreases, and the conventional VCHP achieves a COP and efficiency similar

to the temperature-glide VCHP and better than the RBHP. The conventional VCHP does consistently

achieve smaller VHCs, but it also requires less heat-transfer area.

Vapor-compression heat pump Figure 4.6 shows the temperature-entropy and temperature-heat

transfer diagrams for the selected high-COP mixtures of the VCHP for heating scenarios S1 (4.6a), S2

(4.6b), and S3 (4.6c). The results show that temperature glides can be achieved similarly to the heating
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scenarios. The phase-change temperature glide of acetone-dimethylether fits heating scenario S1 nearly

perfectly. Heating scenario S2 shows that a smaller latent heat of condensation, resulting from higher

heat sink temperatures, and a larger temperature glide require significant amounts of de-superheating

and subcooling. For heating scenario S3, a transcritical cycle with a minimal phase-change temperature

glide mixture is used; unlike the other scenarios, it requires a high IHX heat-transfer duty.

(a) (b) (c)

Figure 4.6: Temperature-entropy and temperature-heat transfer diagrams of selected high-coefficient-of-performance working

fluids of the vapor-compression heat pump simulation results for heating scenarios (a) S1, (b) S2, and (c) S3.

Reversed-Brayton heat pump Figure 4.7 shows the temperature-entropy and temperature-heat transfer

diagrams for the selected high-COP mixtures of the RBHP for heating scenarios S1 (4.7a), S2 (4.7b), and

S3 (4.7c). Across all heating scenarios, the RBHP achieves an optimal COP when the turbine outlet is

close to the critical point. Consequently, the optimal solutions all operate at high pressures, especially

for the higher heat sink temperatures in heating scenarios S2 and S3. The temperature glide achieved by

the RBHP in heating scenario S2, compared with the other scenarios, closely matches that of the heat

sink. This indicates that the ratio of heat source temperature glide to heat sink temperature glide for

S2 best fits the RBHP. Heating scenario S3 requires a high IHX heat-transfer duty, indicating that the

required duty is most affected by the heat-source-to-heat-sink temperature gap.

(a) (b) (c)

Figure 4.7: Temperature-entropy and temperature-heat transfer diagrams of selected high-coefficient-of-performance working

fluids of the reversed-Brayton heat pump with an internal heat exchanger simulation results for heating scenarios (a) S1, (b) S2,

and (c) S3.
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4.1.3. Zeotropic mixtures
Figure 4.8 and Figure 4.9 assess the effect of zeotropic mixtures by comparing the thermodynamic

performance of mixtures and pure fluids for the VCHP and RBHP, respectively, across the three heating

scenarios by plotting the COP against the VHC.

Vapor-compression heat pump Figure 4.8 shows that the VCHP achieves large COP gains when using

mixtures in heating scenario S1. For heating scenario S2, this effect is greatly reduced, and for S3,

mixtures provide no COP gains.

(a) (b) (c)

Figure 4.8: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC) of the

vapor-compression heat pump simulation results for heating scenarios (a) S1, (b) S2, and (c) S3, with mixtures and pure fluids

highlighted.

Reversed-Brayton heat pump Figure 4.9 shows three distinct clusters of pure fluids, with mixtures

scattered around and between them, for the RBHP. It shows no systematic pattern indicating any

performance gain for using mixtures or pure fluids. For heating scenarios S1 and S3, a small subset of

mixtures shows a slight COP peak between two clusters of pure fluids.

(a) (b) (c)

Figure 4.9: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC) of the

reversed-Brayton heat pump simulation results for heating scenarios (a) S1, (b) S2, and (c) S3, with mixtures and pure fluids

highlighted.

4.1.4. Transcritical operation
Figure 4.10 and Figure 4.11 assess the effect of subcritical, transcritical, and supercritical operation by

comparing the thermodynamic performance of each operation type for the VCHP and RBHP, respectively,

across the three heating scenarios by plotting the COP against the VHC.

Vapor-compression heat pump Figure 4.10 shows a clear COP advantage for subcritical cycles in

heating scenario S1. For heating scenarios S2 and S3, subcritical cycles show approximately no COP

advantage. Additionally, in heating scenario S1, most cycles are subcritical, whereas in S2 and S3 most

cycles are transcritical. Also, across all heating scenarios, transcritical cycles achieve a higher VHC.

Reversed-Brayton heat pump Figure 4.11 shows trans- and supercritical cycles achieving the highest

COP across all three heating scenarios. For heating scenario S2, supercritical cycles show a significant

COP advantage over transcritical. Additionally, the number of sub-, trans-, and supercritical cycles
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(a) (b) (c)

Figure 4.10: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC) of the

vapor-compression heat pump simulation results for heating scenarios (a) S1, (b) S2, and (c) S3, with subcritical and transcritical

cycles highlighted.

(a) (b) (c)

Figure 4.11: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC) of the

reversed-Brayton heat pump simulation results with an internal heat exchanger for heating scenarios (a) S1, (b) S2, and (c) S3,

with subcritical, transcritical, and supercritical cycles highlighted.

remains approximately equal across the three heating scenarios, and, as expected, supercritical cycles

achieve a higher VHC than transcritical cycles, which achieve a higher VHC than subcritical cycles.

4.1.5. Natural working fluids
Figure 4.12 assesses the effect of natural and synthetic working fluids by comparing the thermodynamic

performance of each fluid type for the VCHP across the three heating scenarios by plotting the COP

against the VHC. A mixture is highlighted as a natural working fluid when it contains only natural

fluids; a mixture is highlighted as a synthetic working fluid when it contains any fraction of synthetic

fluid. Figure 4.12 shows no systematic COP or VHC advantage for either synthetic or natural fluids.

They occupy roughly the same area on the plot across all three heating scenarios, with natural working

fluids occupying a slightly larger area.

(a) (b) (c)

Figure 4.12: The coefficient of performance (COP) is compared against the volumetric heating capacity (VHC) of the

vapor-compression heat pump simulation results for heating scenarios (a) S1, (b) S2, and (c) S3, with synthetic and natural

working fluids highlighted. A mixture is highlighted as a natural working fluid when it contains only natural fluids.
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4.1.6. Working-fluid family mean performance
To support working-fluid selection, individual working-fluid performance results are generalized to

identify whether favorable performance is characteristic of a chemical family. The mean values of the

defined performance indicators of the top-COP working fluids are compared for the VCHP and RBHP.

Vapor-compression heat pump Table 4.1 summarizes the main advantages and disadvantages that

are identified from the VCHP working-fluid family mean performance analysis. The advantages and

disadvantages are identified based on the full results per heating scenario listed in Table C.2

Table 4.1: Summary of the vapor-compression heat pump working-fluid family mean performance analysis.

Family Best scenario(s) Main advantage Main disadvantage

Acetone S1-S3 Highest COP -

Alcohol S1-S2 High COP Low VHC and high S3 discharge temperature

Ammonia S1-S2 High COP and high VHC High discharge pressure and temperature

Ether S1-S3 High COP -

CO2 - High VHC Low COP and high discharge pressure

C1 hydrocarbon - - Low COP and high discharge pressure

C2 hydrocarbon - - Low COP and high discharge pressure

C3 hydrocarbon S1-S2 Good COP and VHC balance -

C4 hydrocarbon S1-S3 Good COP across all scenarios -

C5 hydrocarbon S3 High COP for S3 Low VHC

C6 hydrocarbon S1-S3 Good COP Low VHC

C7 hydrocarbon S1 and S3 High COP for S3 Low COP for S2 and low VHC

Synthetic S1-S3 Good COP across all scenarios Low VHC

Water S1-S3 Good COP for S1 and S2 and highest COP for S3 Very low VHC, large pressure ratio, and high discharge temperature

The results show that almost all working-fluid families can achieve a competitive COP in at least one

heating scenario. Only the CO2-, C1-hydrocarbon-, and C2-hydrocarbon-families consistently achieve

significantly lower COPs. Acetone, the ether-family, and the C4-hydrocarbon-family achieve high COPs

across all heating scenarios and show no thermodynamic disadvantages compared to the other families.

Additionally, the C3-hydrocarbon-family also shows no thermodynamic disadvantage compared to the

other families, but its COP falls for heating scenario S3.

Reversed-Brayton heat pump This paragraph summarizes advantages and disadvantages of the best-

performing working-fluid families identified from the RBHP working-fluid family mean performance

analysis. Table C.3 and Table C.4 list the full results of the working-fluid mean performance analysis for

RBHP with and without IHX, respectively, for each heating scenario.

The results show that the gas-, C2-hydrocarbon-, and noble-gas-family, all with low critical temperatures,

achieve the highest COPs across all scenarios, both with and without an IHX. The high COP comes

paired with a low pressure ratio, high discharge pressure, and high VHC. The key difference between

the families is that the gas-family consistently achieves the highest VHC and the noble gas-family

consistently requires a significantly larger heat-transfer area. Other families with lower discharge

pressures consistently achieve low COPs.

4.1.7. Thermodynamic screening synthesis
The thermodynamic screening shows that the benefit of temperature-glide matching depends on both

the heat pump cycle and the heating scenario. The VCHP generally achieves the highest COP and

an approximately constant Lorenz efficiency across the heating scenarios, but its advantage over the

conventional VCHP decreases for heating scenario S2 and is insignificant for S3. This indicates that

higher heat sink temperatures and a larger mean temperature difference between the heat source and

heat sink reduce the benefit of temperature-glide matching in a VCHP. The Lorenz efficiency of the

RBHP fluctuates more across the heating scenarios but peaks in S2, where its COP is comparable to the

conventional VCHP. The ACHP (S1) achieves a higher COP than the conventional VCHP, but not as high

as a temperature-glide-matched VCHP.

Zeotropic mixtures operated subcritically show the largest COP advantage for the VCHP in heating

scenario S1, a smaller advantage in S2, and no systematic COP improvement in S3. Simultaneously, the

number of transcritical cycles increases significantly from heating scenario S1 to S2 and S3 and shows

no systematic COP advantage over subcritical cycles. This indicates that the advantage of zeotropic

mixtures is only significant for heating scenarios where transcritical cycles are not optimal. Additionally,
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the high-COP temperature-glide VCHP mixtures show a systematically lower pressure ratio and higher

VHC than a conventional VCHP, but also require a larger heat-transfer area. The working-fluid family

analysis shows many working fluids capable of achieving high COPs, and supports the individual

Pareto-based fluid screening by identifying acetone, ethers, and several hydrocarbons as consistently

thermodynamically favorable VCHP working fluids. The working-fluid family analysis also identifies

possible working-fluid family disadvantages to consider when selecting a working fluid.

In contrast, mixtures do not provide systematic performance advantages for the RBHP. Performance is

primarily governed by the heating scenario. While mixtures provide a very small benefit in heating

scenarios S1 and S3, it is insignificant compared to the Lorenz efficiency achieved in S2 using a pure

working fluid. This indicates that performance is not dominated by heat-transfer losses, and that the

heat-source-to-heat-sink temperature glide ratio in S2 is most compatible with its sensible heat-transfer

profile.

4.2. Fluid selection
The thermodynamic screening results are combined with environmental, safety, and practical data

to select working-fluid cycle combinations for the further evaluation of equipment requirements and

economic performance. The working fluid parameters defined in subsection 2.3.4 are used and are

listed in Table C.1. The data are compiled only for working-fluid components relevant to the selection

and are gathered from literature and other publicly available sources to the greatest extent and accuracy

known to the author.

Vapor-compression heat pump Based on the thermodynamic screening results and the environmental,

safety, and practical criteria, a selection of suitable working-fluid families was made. Families identified as

having a low COP are not included, as are ethers due to their very low AIT and C6- and C7-hydrocarbons

due to their very low LFL and AIT. The main thermodynamic and secondary considerations are compiled

in Table 4.2 along with their best applicability range and an overall interpretation of the applicability and

feasibility of the selected working-fluid families as components of a high-temperature VCHP working

fluid.

Table 4.2: Combined thermodynamic, environmental, safety, and practical assessment of the most favorable vapor-compression

heat pump working-fluid families.

Family Best scenario(s) Main thermodynamic

advantage

Main practical advan-

tage

Main drawback Overall interpretation

Acetone S1-S3 Highest COP Very high AIT Strong solvent, mate-

rial compatibility con-

cerns

Best COP-focused fam-

ily

Alcohol S1-S2 High COP Slightly less flammable

and acceptable AIT

possible with methanol

Toxicity and S3 high

discharge tempera-

tures

Good (slightly) less

flammable alternative

if toxicity is manage-

able

Ammonia S1-S2 High COP and high

VHC

Less flammable and

technically well-

known

Toxicity and high dis-

charge temperatures

and pressures

Best for compact de-

sign, and good less

flammable alternative

if toxicity is manage-

able

C3 hydrocarbon S1-S2 Good COP and VHC

balance

High AIT and low dis-

charge temperatures

Flammability Good for lower heat

sink temperatures

C4 hydrocarbon S1-S3 Good COP across all

scenarios

High AIT possible and

low discharge tempera-

ture

More flammability and

lower AIT than C3

Good across all temper-

atures

C5 hydrocarbon S3 High COP for S3 Acceptable AIT possi-

ble with Isopentane

More flammability and

lower AIT than C5

Good for high tempera-

tures if flammability is

manageable

Synthetic S1-S3 Good COP across all

scenarios

Less flammable PFAs/TFA concerns Good safety-focused al-

ternative

No working-fluid family is favorable across all thermodynamic and secondary criteria. Acetone and

several hydrocarbon families offer strong thermodynamic performance across all three heating scenarios,

but their downside is flammability, and acetone also has restricted material compatibility. Ammonia

offers a favorable combination of high COP and VHC with lower flammability than hydrocarbons, but it
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introduces toxicity and compressor discharge temperature concerns. Synthetic refrigerants also offer

good COP across all heating scenarios with lower flammability, but their environmental persistence and

degradation products are important to consider.

For further evaluation, hydrocarbon working-fluid mixtures are selected for the VCHP for heating

scenarios S1 and S2 to minimize environmental impact and toxicity, as flammability is assumed to be

manageable. Additionally, no oil or material concerns are known for these working-fluid components.

For heating scenario S3, a less flammable working fluid is selected to avoid flammability issues due to

the higher compressor discharge temperature associated with S3. The exact mixture compositions and

performance data of the selected mixtures are listed in Table 4.3.

Reversed-Brayton heat pump The thermodynamic screening identified three working-fluid families

with the most favorable thermodynamic performance. Of these families, the gas-family and noble-gas-

family are environmentally friendly, non-flammable, and non-toxic. For further evaluation, pure CO2 is

selected for both the RBHP without and with IHX for all heating scenarios. High-pressure CO2 is well

known and is estimated to require a smaller heat-transfer area than noble gases. The performance data

of the CO2 RBHPs is listed in Table 4.3.

Table 4.3: Performance data of the selected working fluids for further evaluation of the vapor-compression heat pump and the

reversed-Brayton heat pump per heating scenario.

Scenario Type Working fluid Safety class COP 𝜂𝐿𝑜𝑟𝑒𝑛𝑧 VHC ¤𝑚 Pressure ratio 𝑝𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐴∗
[-] [%] [𝑀𝐽/𝑚3

] [𝑘𝑔/𝑠] [-] [𝑏𝑎𝑟] [°C] [𝑚2
]

S1 VCHP Cyclopropane-cyclopentane [0.6, 0.4] A3 4.02 50.6 4.4 2.29 4.8 26.1 178 100

RBHP CO2 [1.0] A1 2.82 35.5 24.0 6.38 2.7 220.8 199 218

RBHP (IHX) CO2 [1.0] A1 2.91 36.7 22.6 6.36 2.4 199.4 202 280

S2 VCHP Propylene-cyclopentane [0.8, 0,2] A3 3.01 53.0 8.1 2.42 6.9 77.3 213 123

RBHP CO2 [1.0] A1 2.62 46.1 25.9 5.80 3.1 250.0 215 207

RBHP (IHX) CO2 [1.0] A1 2.79 49.1 29.3 5.26 2.8 250.0 223 261

S3 VCHP R1233zd(E)-Neopentane [0.8, 0.2] A2(L) 2.27 50.8 2.2 4.62 14.0 40.5 253 100

RBHP CO2 [1.0] A1 1.76 39.3 14.6 6.49 4.5 250.0 263 124

RBHP (IHX) CO2 [1.0] A1 2.02 45.3 21.2 5.47 3.1 250.0 285 196

4.3. Equipment sizing
The equipment for the selected working-fluid cycle combinations is sized, and their feasibility is

assessed. The centrifugal compressor sizing results are used to assess the feasibility using the stage

count, rotational speed, and efficiency, as well as to assess the feasibility of a radial turbine. The

heat exchanger sizing results are used to choose an appropriate heat exchanger type. The resulting

equipment is then used for the economic evaluation.

4.3.1. Centrifugal compressor
Table 4.4 shows the results of the centrifugal compressor sizing and evaluation using the one-dimensional

loss-correlation-based model for the VCHP and RBHP for all three heating scenarios and a 1 𝑀𝑊 and 10

𝑀𝑊 heating duty. It lists the number of stages, the rotational speed of the impeller and driving axis of

the compressor, and the overall isentropic efficiency. Table C.5 and Table C.6 list the power consumption

and impeller diameter per compression stage, as well as the effect of the calculated isentropic efficiency

on the COP.

The centrifugal compressor sizing results show better overall feasibility for the 10 𝑀𝑊 heating duty for

both the VCHP and RBHP, with lower rotational speeds (and larger impeller diameters) and significantly

higher isentropic efficiencies. In particular, the RBHP requires very small, fast-spinning centrifugal

compressors that achieve low overall isentropic efficiencies at a 1 𝑀𝑊 heating duty. For a heating duty

of 10 𝑀𝑊 , the RBHP requires impeller diameters of around 15 𝑐𝑚 and consistently achieves an overall

isentropic efficiency higher than 80%, significantly higher than assumed in the model.

The VCHP requires impeller diameters around 10 𝑐𝑚 for the 1 𝑀𝑊 heating duty and consistently

achieves an overall isentropic efficiency of around 76%. For a 10 𝑀𝑊 heating duty, the VCHP requires

impeller diameters ranging from 20 to 45 𝑐𝑚 and achieves an overall isentropic efficiency of around

80%. This indicates that a centrifugal compressor is feasible for the VCHP across a wider range than the

RBHP, but it does not always achieve a very high isentropic efficiency. Notably, propylene-cyclopentane
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in heating scenario S2 requires a smaller impeller diameter and achieves a lower overall isentropic

efficiency than the other working fluids and heating scenarios.

Table 4.4: The required stage count and rotational speed, as well as the resulting overall isentropic efficiency, of the centrifugal

compressor sizing and efficiency estimation for the vapor-compression heat pump and reversed-Brayton heat pump for the three

heating scenarios for a 1 𝑀𝑊 and 10 𝑀𝑊 heating duty.

Scenario Heating duty Type Number of stages Rotational speed Isentropic efficiency

[-] [𝑘𝑟𝑝𝑚] [%]

S1 1 𝑀𝑊 VCHP 2 52.1 78.1

RBHP 1 130.8 73.0

RBHP (IHX) 1 118.8 74.6

10 𝑀𝑊 VCHP 2 16.1 82.2

RBHP 1 41.9 81.8

RBHP (IHX) 1 38.1 82.5

S2 1 𝑀𝑊 VCHP 2 88.8 74.0

RBHP 1 165.7 70.1

RBHP (IHX) 1 167.7 70.5

10 𝑀𝑊 VCHP 2 31.2 77.9

RBHP 1 50.4 80.6

RBHP (IHX) 1 51.6 80.8

S3 1 𝑀𝑊 VCHP 3 32.6 76.6

RBHP 2 107.9 72.6

RBHP (IHX) 1 175.0 71.0

10 𝑀𝑊 VCHP 3 9.5 80.8

RBHP 2 33.0 80.6

RBHP (IHX) 1 54.6 80.7

Overall, the preliminary centrifugal compressor design is feasible for a heating duty of 10 𝑀𝑊 . For

a heating duty of 1 𝑀𝑊 , the preliminary centrifugal designs are less feasible, and a reciprocating

or rotary screw compressor could enable a more feasible design; however, as listed in Table 4.3, the

compressor discharge temperatures of both the VCHP and the RBHP selected working fluids are well

above the limit of reciprocating compressors in heating scenarios S2 and S3. In heating scenario S1, the

compressor discharge temperatures of both the VCHP and RBHP are roughly below the operating limit

of reciprocating and rotary screw compressors. Table 4.5 lists the estimated compressor technologies

most feasible for the VCHP and RBHP.

Table 4.5: Estimated most feasible compressor technologies for the vapor-compression heat pump and reversed-Brayton heat

pump for the three heating scenarios and a 1 𝑀𝑊 and 10 𝑀𝑊 heating duty.

Scenario Heating duty VCHP RBHP RBHP (IHX)

S1 1 𝑀𝑊 Screw Reciprocating Reciprocating

10 𝑀𝑊 Centrifugal Centrifugal Centrifugal

S2 1 𝑀𝑊 Reciprocating
‗

Reciprocating
‗

Reciprocating
‗

10 𝑀𝑊 Centrifugal Centrifugal Centrifugal

S3 1 𝑀𝑊 Centrifugal Reciprocating
‗

Reciprocating
‗

10 𝑀𝑊 Centrifugal Centrifugal Centrifugal

‗
Requires compressor discharge temperature reduction

As the RBHP requires high discharge pressures, rotary screw compressors are not feasible. For the VCHP,

the rotary screw compressor is feasible for heating scenarios S1 and S3; however, for S3, the centrifugal

design is feasible because it has three stages, which increases the dimensions. Otherwise, reciprocating

compressors are solely used for heating scenarios S2 and S3 for a heating duty of 1 𝑀𝑊 , but they

require a reduction in compressor discharge temperature. For the economic evaluation, reciprocating

compressors will be considered without adding extra costs to mitigate the high compressor discharge

temperature.
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4.3.2. Radial turbines
Radial turbines are estimated to be less feasible for a heating duty of 1 𝑀𝑊 . The centrifugal compressor

sizing results show that fast-spinning and small turbomachinery is required for the small volumetric

flows of CO2. For the heating duty of 10 𝑀𝑊 , turbomachinery is more feasible, but detailed design is

required to fully assess the effect of the volumetric flows and the design on a common driving axis.

For the economic evaluation, radial turbines will be considered, as the cost of other expanders or more

complex designs is not readily available, and the effect of turbine cost is estimated to be small.

4.3.3. Heat exchanger
Multiple-pipe and shell-and-tube heat exchangers are the most feasible options based on the applicability

and cost assumptions. Table C.7 lists the heat exchanger type and design specifications along with the

estimated required heat-transfer area.

Because temperature-glide applications require large estimated heat-transfer areas, shell-and-tube heat

exchangers are most commonly used. Multiple-pipe heat exchangers are most commonly used for

smaller required heat-transfer areas, and plate heat exchangers are used only when the differential

pressure is limited and the estimated plate heat exchanger heat-transfer area is moderate (100– 200 𝑚2
).

4.3.4. Equipment overview
The equipment assessment shows greater uncertainty on the feasibility for a 1 𝑀𝑊 heating duty,

especially for the RBHP. The RBHP requires large, bulky heat exchangers, and the feasibility and the

effect on compressor and turbine performance are uncertain. For a 10 𝑀𝑊 heating duty, turbomachinery

feasibility is more certain for both the VCHP and RBHP and potentially allows the RBHP to achieve

higher COPs than estimated.

The VCHP shows some compressor feasibility uncertainty for the 1 𝑀𝑊 heating duty, as the estimated

centrifugal designs are on the faster and smaller side and show lower overall isentropic efficiencies

than originally estimated. The higher discharge temperature requirement for heating scenario S2 and

S3 also complicates the use of reciprocating and rotary screw compressors; however, means to lower

the compressor discharge temperature are common and feasible, as there is liquid available in the

cycle to absorb part of the heat of compression. Additionally, working fluids with lower VHC and

higher required pressure ratios could also increase the feasibility of centrifugal compressors. For the 10

𝑀𝑊 heating duty, the estimated centrifugal compressor designs are feasible for the VCHP. For heat

exchangers, the VCHP shows no feasibility issues except that both the 1 𝑀𝑊 and 10 𝑀𝑊 heating-duty

heat exchangers had lower heat-transfer coefficients and larger volume-to-heat-transfer-area ratios,

causing them to occupy a large footprint. In contrast, welded plate heat exchangers are also feasible and

could be implemented, though potentially at higher cost.

Because the RBHP operates with much lower volumetric flows than the VCHP, the estimated turbo-

machinery designs are also faster and smaller than those for VCHPs. For the 1 𝑀𝑊 heating duty, the

RBHP would require micro-scale centrifugal compressors and radial turbines, making the design very

complex. Additionally, there are no alternatives to a radial turbine, and both compressor and turbine

efficiency strongly affect the already lower RBHP COP. For the 10 𝑀𝑊 heating duty, the estimated

turbomachinery designs are feasible but still on the faster and smaller side; however, the estimated

centrifugal compressor efficiencies increased significantly over the originally estimated efficiency,

which could outweigh the complexity of the smaller turbomachinery design. The RBHP also requires

large volume heat exchangers in addition to already requiring very large heat-transfer surfaces. This

significantly affects the applicability of the RBHP, and more compact plate heat exchangers are mostly

not applicable due to the high pressure differences.

4.4. Economic performance
The equipment sizing results for the selected working-fluid cycle combinations are translated into

investment costs and LCOH. The differences in investment cost and the effect of the operating costs,

electricity consumption, and scale are compared.
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4.4.1. Investment costs
Table 4.6 lists the capital investment costs of the VCHP and RBHP for the three heating scenarios for

both 1 𝑀𝑊 and 10 𝑀𝑊 , along with the total capital investment costs for the conventional VCHP and

the ACHP for heating scenario S1 for a heating duty of 1 𝑀𝑊 . The total capital investment costs of

the VCHP and RBHP consist of the capital investment costs for the compressor, turbine, electric drive,

and heat exchangers and include direct and indirect costs associated with a process plant. The capital

investment cost for the electric drive is included in the compressor, and, if applicable, the cost of the

centrifugal compressor was calculated using the power consumption estimated in subsection 4.3.1.

Table 4.6: Total, specific, and per-component capital investment costs for the vapor-compression heat pump and reversed-Brayton

heat pump as a result of the equipment sizing and cost estimation, compared to a conventional vapor-compression heat pump

and an absorption-compression heat pump.

Heating duty Scenario Type Compressor Turbine HEXs TCI tci Difference

[Mio.
=C] [Mio.

=C] [Mio.
=C] [Mio.

=C] [
=C/𝑘𝑊] [%]

1 𝑀𝑊 S1 VCHP 1.4 - 0.8 2.3 2261 -

VCHP (conv.) 1.3 - 0.5 1.8 1795 -20.6

ACHP 2.2 2190 -3.1

RBHP 1.3 0.1 1.0 2.4 2381 +5.3

RBHP (IHX) 1.2 0.1 1.5 2.8 2820 +24.7

S2 VCHP 0.9 - 1.1 2.0 1989 -

VCHP (conv.) 1.1 - 0.6 1.8 1793 -9.8

RBHP 1.4 0.1 1.1 2.6 2616 +31.5

RBHP (IHX) 1.2 0.1 1.5 2.9 2862 +43.9

S3 VCHP 1.0 - 0.7 1.7 1733 -

VCHP (conv.) 1.4 - 0.5 1.9 1929 +11.3

RBHP 2.0 0.2 1.3 3.4 3442 +98.6

RBHP (IHX) 1.6 0.1 1.2 2.9 2882 +66.3

10 𝑀𝑊 S1 VCHP 3.6 - 2.2 5.9 585 -

VCHP (conv.) 5.3 - 1.7 7.0 705 +20.5

RBHP 5.5 0.5 5.5 11.4 1144 +95.6

RBHP (IHX) 5.1 0.4 6.6 12.1 1209 +106.7

S2 VCHP 4.6 - 3.1 7.7 772 -

VCHP (conv.) 6.5 - 2.1 8.6 856 +11.0

RBHP 5.9 0.5 5.2 11.6 1161 +50.4

RBHP (IHX) 5.2 0.4 6.2 11.8 1177 +52.5

S3 VCHP 6.2 - 1.9 8.1 808 -

VCHP (conv.) 7.6 - 1.9 9.4 942 +16.6

RBHP 9.9 1.0 3.2 14.0 1404 +73.8

RBHP (IHX) 7.1 0.5 4.6 12.2 1219 +50.9

The total capital investment costs of the conventional VCHP are calculated using equipment selected

in a similar manner to that done for the VCHP and RBHP, and no corrected centrifugal compressor

power consumption is used. The total capital investment costs of the ACHP are the vendor-reported

delivered and commissioned system costs and include factory prefabrication, transport and delivery,

crane placement, initial charging, and commissioning. The specific total capital investment cost 𝑡𝑐𝑖 is

also listed, along with a relative difference compared to the VCHP in each case.

Across all three heating scenarios and for both heating duties, the RBHP has a higher total capital

investment cost than the VCHP. In almost all cases, the relative differences to the VCHP are significant

and can even be double that of the VCHP. The total capital investment costs of the conventional VCHP

varies around 20% both cheaper and more expensive compared to the temperature-glide VCHP. The

total capital investment cost of the ACHP for heating scenario S1, for a heating duty of 1 𝑀𝑊 , is similar

to that of the VCHP. Additionally, the specific total capital investment costs of the temperature-glide and

the conventional VCHP generally decrease more with increasing heating duty than those of the RBHP.

4.4.2. LCOH
Figure 4.13 shows the specific LCOH for the VCHP and RBHP for the three heating scenarios and

a heating duty of 1 𝑀𝑊 based on the thermodynamic simulation, equipment sizing, efficiency and

cost estimation, and operating assumptions, along with the LCOH for the ACHP based on operating

assumptions and the vendor-reported COP and delivered and commissioned system costs. The figure
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also includes the LCOH for a gas-driven and an electric boiler, based on the same fuel prices. Both gas

and electricity prices have a 20% uncertainty, as indicated by the error bars.

Figure 4.13: Specific levelized cost of heat (LCOH) for the vapor-compression heat pump and the reversed-Brayton heat pump for

the three heating scenarios with a heating duty of 1 𝑀𝑊 , compared to a conventional vapor-compression heat pump and an

absorption-compression heat pump, as well as a gas-driven and electric boiler.

Both the temperature-glide and the conventional VCHP have an LCOH comparable to a gas-driven

boiler for heating scenarios S1 and S2; however, the COP advantage of a temperature-glide VCHP over a

conventional VCHP is offset by higher investment costs, resulting in similar levelized costs of heat. In

heating scenario S3, the conventional VCHP even has a lower LCOH than the temperature-glide VCHP,

but it’s still higher than the gas-driven boiler. The ACHP achieves an LCOH similar to the conventional

VCHP in heating scenario S1.

The RBHP has an LCOH about 10
=C/𝑀𝑊ℎ higher than the temperature-glide and conventional VCHP,

as well as the gas-driven boiler, in heating scenarios S1 and S2. In heating scenario S3, the differences

become bigger, and the RBHP without an IHX becomes relatively more expensive. The RBHP does

always achieves a significantly lower LCOH than the electric boiler.

Figure 4.14: Specific levelized cost of heat (LCOH) for the vapor-compression heat pump and the reversed-Brayton heat pump for

the three heating scenarios with a heating duty of 10 𝑀𝑊 , compared to a conventional vapor-compression heat pump and a

gas-driven and electric boiler.
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4.4.3. Effect of scale
Figure 4.13 shows the specific LCOH for the VCHP and RBHP for the three heating scenarios and a

heating duty of 10 𝑀𝑊 . The figure also includes the LCOH for a gas-driven and an electric boiler, based

on the same fuel prices. Both gas and electricity prices have a 20% uncertainty, as indicated by the error

bars.

Compared with a heating duty of 1 𝑀𝑊 , the absolute LCOH decreases significantly for all heat pump

technologies, and the relative differences among them become smaller. All heat pump technologies

achieve a lower LCOH than the gas-driven boiler in heating scenarios S1 and S2, with the temperature-

glide VCHP in S1 being significantly cheaper. The RBHP with IHX achieves roughly the same LCOH

as the temperature-glide VCHP in heating scenario S2 because of increased compressor efficiency. In

heating scenario S3, both the temperature-glide and conventional VCHP achieve an LCOH similar to the

gas-driven boiler.



5
Conclusions, discussion, and

recommendations

This chapter presents the conclusions of the thermodynamic and techno-economic evaluation of high-

temperature heat pumps and working fluids for industrial sensible heat upgrading with substantial

temperature glides at both the heat source and heat sink, discusses the study’s uncertainties and

limitations, and offers recommendations for industrial decision-makers and future research.

5.1. Conclusions
High-temperature heat pumps that absorb and reject heat over a substantial temperature glide can

provide thermodynamic and economic advantages for industrial sensible heat upgrading. Still, the

benefit is strongly dependent on cycle architecture, heat source and heat sink temperature profiles,

operating temperature, and scale. Of the evaluated high-temperature heat pump technologies, the

temperature-glide VCHP provides the most consistently favorable balance between COP, equipment

feasibility, capital cost, and LCOH. Its largest advantage over a conventional VCHP occurs when a

subcritical zeotropic mixture can closely match the heat source and heat sink temperature profiles, as in

heating scenario S1. This advantage decreases at higher heat sink temperatures and temperature lifts,

where transcritical and low-temperature-glide cycles become more competitive. The RBHP offers broad

high-temperature and temperature-lift applicability with favorable pressure ratios. Still, its lower COP,

high-pressure heat exchangers, and high-pressure and low-volumetric-flow compressors and expanders

generally prevent it from outperforming the VCHP under the investigated conditions. Larger heating

duty improves the technical and economic feasibility of both cycles, especially the RBHP.

The VCHP’s highest-COP working fluids achieve an almost constant Lorenz efficiency across all heating

scenarios. Still, zeotropic mixtures show little to no COP benefit in heating scenarios S2 and S3. The

higher heat sink temperature and larger heat sink temperature glide in heating scenario S2 make

transcritical cycles more efficient, reducing the COP advantage of the subcritical cycle using a zeotropic

mixture. In heating scenario S3, with the largest mean temperature difference, pure fluids achieve

COPs similar to mixtures. Together, this indicates that as the mean temperature difference between the

heat source and heat sink increases, the advantage of lowering the heat pump’s mean temperature lift

decreases, and compression and expansion losses dominate heat-transfer temperature-profile mismatch

losses. While working fluid (mixtures) in the RBHP with a better temperature-profile match achieve a

slightly higher COP than pure working fluids in heating scenarios S1 and S3, its Lorenz efficiency is

highest for (nearly) pure working fluids in S2. This indicates that compression and expansion losses

dominate temperature-profile mismatch losses across most heating conditions. Additionally, the RBHP

IHX showed a significant COP advantage only in heating scenario S3, due to the heat-source-to-heat-sink

temperature gap, which allowed a larger heat duty to be transferred in the IHX.

The working-fluid screening and selection show that many VCHP working fluids can achieve a high

COP, even at higher heat-sink temperatures and larger heat-source-to-heat-sink mean temperature

42
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differences in heating scenarios S2 and S3; however, no individual working fluid or working-fluid family

satisfied all environmental, safety, and practical criteria. Each non-flammable working fluid had its

own disadvantage, and the number of flammable working fluids with a reasonable margin between

the compressor discharge temperature and the AIT at higher heat sink temperatures was limited. The

RBHP working-fluid screening and selection shows only working fluids with low critical temperatures

to achieve high COPs. Additionally, high-COP flammable working fluids showed no advantage over

high-COP non-flammable working fluids, and both operated at high pressures.

The economic evaluation shows that electricity consumption dominates the LCOH, particularly for larger

heating duties. The differences in LCOH due to investment costs among the heat pump technologies are

small at a heating duty of 1 𝑀𝑊 and become irrelevant at 10 𝑀𝑊 . At the smaller heating duty, VCHPs

and ACHPs can achieve an LCOH comparable to the gas-driven boiler. At the larger heating duty, in

addition to the VCHPs, the RBHPs also become competitive except for heating scenario S3. Only the

temperature-glide VCHP achieves a significantly lower LCOH than the conventional VCHP, specifically,

in heating scenario S1 for the larger heating duty.

Temperature-glide matching should therefore not be treated as a technological objective by itself. It is

valuable when the improved mean temperature lift and temperature-profile match produce sufficient

electricity savings in VCHPs without requiring disproportionate equipment, safety, or capital-cost

penalties. Additionally, high-temperature sensible heat sources and sinks are valuable when they

allow transcritical VCHPs and/or RBHPs to operate efficiently when subcritical VCHPs are unfeasible,

expanding the operational capabilities of high-temperature heat pumps.

5.2. Discussion and limitations
The results provide a comparative thermodynamic, technical, and economic screening of high-

temperature heat pumps for three sensible heat-upgrading scenarios. The thermodynamic models,

working-fluid screening, preliminary equipment selection and sizing, and cost calculations identify

key trade-offs among the VCHP, RBHP, ACHP, and reference heating technologies. However, the

study does not include detailed equipment design, process-safety assessment, equipment vendor

quotation, or detailed cost assessment of individual designs. The conclusions should therefore be

interpreted as indicating promising combinations of working fluids, cycles, and operating regimes.

The broad working-fluid-family and cycle-level trends are considered more reliable than the exact

thermodynamic, environmental, safety, and practical performance of individual mixtures, calculated

component dimensions, and absolute investment costs.

The VCHP and RBHP were modeled and optimized using assumptions, while the ACHP was represented

by technical vendor data for a single operating case. The gas-driven and electric boiler were represented

by literature-based, non-scenario-specific performance and cost assumptions. The comparison combines

information from different approaches with different levels of maturity and detail, adding uncertainty

when comparing the VCHP or RBHP with the ACHP or the gas-driven or electric boiler.

The results of the thermodynamic model and optimization of the VCHP and RBHP are based on

fixed component efficiencies, neglected pressure and heat losses, steady-state operation, equations-

of-state approximations, and assumptions for optimization and discretization. The fixed compressor

and turbine efficiencies do not distinguish between fluid, scale, flow, pressure ratio, and geometry

effects. The assumptions add uncertainty to the thermodynamic performance results of individual

working-fluid cycle combinations. An attempt was made to estimate the effect of these factors using

the centrifugal compressor estimation. The estimation identified greater uncertainty for all VCHP and

RBHP working-fluid cycle combinations at a heating duty of 1 𝑀𝑊 and indicates that the assumed

efficiencies overestimate performance at this scale. The heat exchanger assumptions may lead to

less feasible designs, requiring larger temperature differences and reducing performance. Neglected

pressure and heat losses, as well as the assumed steady-state operation, also overestimate performance

in real-world operation. Combined, the thermodynamic performance is likely overestimated compared

to real-world operation; however, these do not necessarily alter cycle-level trends. Additionally, the

equations-of-state approximations and optimization and discretization assumptions add uncertainty to

individual results, but, as with the modeling assumptions, there is no indication of a systematic effect

on the working-fluid-family or cycle-level trends.
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The working-fluid family analysis is based on unequally represented generic chemical categories. It

uses only the highest-COP working fluids, which can contain up to 50 𝑚𝑜𝑙% of a different working-fluid

family. These results do not represent chemical-family trends across other working fluids and apply

only to high-COP mixtures that contain working fluids evaluated in this study. However, because the

thermodynamic screening combines a large set of performance data using Pareto-based screening and

working-fluid family analysis, general performance trends are less affected by individual outliers.

The environmental and safety assessment is largely based on generalizations and data from various

information sources. The results do not represent a full process-safety assessment, and the outcome of

one potentially draws different conclusions. However, it highlights the complexity and importance of

assessing these factors.

Equipment sizing and economic cost estimates are based on compressor-loss and heat-transfer coefficient

correlations, as well as assumptions, generalized cost correlations, and bare-module factors. These

estimations and assumptions introduce large uncertainty to individual sizing and cost results. Addi-

tionally, detailed component design might reveal trade-offs relevant to thermodynamic performance or

to environmental, safety, and practical assessment. As a result, the absolute values of the individual

levelized cost of heat cases are also uncertain. Still, the observed scaling and investment-to-electricity

cost trends are likely more certain, as they are visible across all evaluated cases.

5.3. Recommendations
This study explored the operating regimes, working fluids, and equipment of different high-temperature

heat pump technologies to evaluate the potential of industrial sensible-heat upgrading. From these

explorations, several recommendations are made to further enhance the potential of high-temperature

heat pumps and their key role in decarbonizing industrial process heat. These recommendations are

split into recommendations for industrial decision-makers and the scientific research community.

5.3.1. Industrial decision-makers
This study shows that the considered high-temperature heat pump technologies can provide technically

promising and economically competitive solutions for industrial sensible-heat upgrading when the

cycle architecture, working fluid, temperature profiles, and heating duty are selected together. Not every

combination of these parameters produces favorable performance, so high-temperature heat pumps

should not be selected solely based on the required maximum heat sink temperature. Industrial decision-

makers should instead consider the complete source and sink temperature profiles and select, or where

possible design, the heat-recovery and heat-delivery systems to match the operating characteristics of

the most suitable heat pump technology.

Under the conditions investigated and among previous studies, subcritical VCHPs are particularly

suitable for heat delivery up to approximately 150 °C, with zeotropic mixtures offering additional

flexibility to match sensible heat source and heat sink temperature profiles. At higher heat sink

temperatures, transcritical VCHPs become increasingly relevant because they inherently reject sensible

heat and are not explicitly constrained in their maximum heat sink temperature. For applications with a

large temperature lift or heat-source-to-heat-sink temperature gap, the RBHP may provide an alternative

when the temperature profiles are compatible with the sensible temperature profile of the working fluid,

such as CO2.

The principal recommendation is therefore to treat high-temperature heat pump selection as a process-

integration problem: the cycle, working fluid, heat source and heat sink profile, and heating scale should

be optimized together rather than selecting a heat pump only after the process temperatures have been

fixed. This approach is particularly attractive at larger heating duties, where efficient turbomachinery

becomes more practical, and capital costs are distributed over a greater heat output, potentially enabling

high-temperature heat pumps to compete with fossil-fuel heating and substantially reduce direct

industrial CO2 emissions.

5.3.2. Scientific research
This study highlights the complexity and added value of evaluating the industrial feasibility alongside

the thermodynamic performance of high-temperature heat pumps. Because studies often overlook
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the complexity of industrial feasibility, future research should further integrate thermodynamic

screening with industrial feasibility assessment. Despite the added modeling complexity, combining

environmental, safety, and practical working-fluid properties with cycle performance, equipment

dimensions, operating limits, and cost provides considerably greater decision value than thermodynamic

optimization alone. A more comprehensive and automated methodology could ultimately serve as a

screening tool for selecting a suitable working-fluid high-temperature heat pump combination for a

given heating scenario and heating duty.

Because compressor and turbine feasibility is crucial to thermodynamic performance and is more

uncertain, a complete screening tool requires improved models or correlations to estimate compressor

type, efficiency, staging, dimensions, rotational speed, and discharge conditions. This is particularly

true for small-scale reciprocating, screw, and centrifugal compressors, as well as radial turbines, which

remain difficult to assess rapidly using existing screening methods.

The VCHP’s high-temperature operating range is governed mainly by working-fluid constraints and

compressor pressure and temperature limits. Its applicability at smaller scales and higher temperatures

could therefore expand through reciprocating compressors capable of higher discharge temperatures;

screw compressors capable of higher discharge pressures and temperatures; more feasible (certainty)

of small centrifugal compressors; and experimental validation of promising working fluids such as

acetone and less well-known hydrocarbons, including their thermal stability and material and lubricant

compatibility.

Finally, a broader and more systematic comparison of heating conditions such as: temperature lift;

heat source and heat sink temperature glide; heat-source-to-heat-sink temperature glide ratio; heat-

source-to-heat-sink temperature gap; absolute temperature level; and heating duty is recommended for

both the VCHP and RBHP. These results could provide essential insights into the optimal operating

and working-fluid regime of the high-temperature heat pump technologies supporting their selection

and process integration at an industrial level. Ideally, a high-temperature heat pump scenario map

would give industrial decision-makers a quick overview of their options under their specific boundary

conditions.
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A
Working fluids

Table A.1: Selected high-temperature heat pump working fluids and their critical selection criteria [105][7][104][20].

Class Name Critical temperature (°C) Critical pressure (bar) ODP (-) GWP (-) Safety classification

HFC R134a 101.1 40.6 0 1300 A1

R245fa 153.9 36.5 0 858 B1

R365mfc 186.9 32.7 0 804 A2

HFO R1234yf 94.7 33.8 0 <1 A2L

R1234ze(E) 109.4 36.3 0 <1 A2L

R1336mzz(E) 130.4 27.8 0 18 A1

R1234ze(Z) 150.1 35.3 0 <1 A2L

R1336mzz(Z) 171.3 29 0 2 A1

HCFO R1224yd(Z) 155.5 33.3 0.00012 <1 A1

R1233zd(E) 166.5 36.2 0.00034 1 A1

Natural CO2 31 73.8 0 1 A1

Propylene 91.1 45.5 0 8 A3

Dimethyl ether 127.2 53.4 0 1 A3

Ammonia 132.4 113.6 0 0 B2L

Diethyl ether 194.7 37.2 0 4 A3

Acetone 235 46.9 0 0.5

Methanol 240.2 82.2 2.8

Ethanol 241.6 62.7 0 <1

Water 373.9 220.6 0 0 A1

Methane -82.6 46 0 25 A3

Ethylene 9.2 50.4 0 6.8 A3

Ethane 32.2 48.7 0 2.9 A3

Propylene 91.1 45.5 0 1 A3

Propane 96.7 42.5 0 3 A3

Cyclopropane 125.5 56.1

Isobutane 134.7 36.3 0 3 A3

Isobutene 144.9 40.2 0 <1

Butene 146.1 40.1

Butane 152 38 0 4 A3

Neopentane 160.6 32

Isopentane 187.2 33.8 0 4 A3

Pentane 196.5 33.7 0 5 A3

Isohexane 224.6 30.4

Hexane 234.7 30.4

Cyclopentane 238.6 45.8 0 <1

Heptane 268.1 27.7

Cyclohexane 280.5 40.8

Helium -268 2.3 A1

Argon -122.5 48.6 A1

Krypton -63.7 55.3
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B
Equipment sizing

Table B.1: Centrifugal compressor one-dimensional loss correlations.

Disk friction Daily and Nece [23]

Δℎ𝑑 𝑓 = 0.5 𝑓 (𝜌1 + 𝜌2)𝐷2

1

𝑈3

2

16 ¤𝑚
𝑓 = 0.0622

𝑅𝑒2

2

𝑅𝑒2 = 𝜌2𝑈2

𝐷2

2𝜇2

Tip clearance

Δℎ𝑡𝑐 = 0.6𝐶𝑢2

𝑡
𝑏2

√
2𝐶𝑢2𝐶𝑟1

𝜋
𝑍𝑏2

𝐷2

1,𝑡 𝑖𝑝
−𝐷2

1,ℎ𝑢𝑏

(𝐷2−𝐷1,𝑡 𝑖𝑝 )(1+𝜌1/𝜌2) Jansen [49]

Skin friction
Δℎ𝑠 𝑓 = 2 𝑓

𝐿𝑏
𝐷ℎ
𝑊

2

Jansen [49]

𝑓 = 0.006

𝐿𝑏 =
𝐷1,𝑡 𝑖𝑝

2
+ 𝐷2 − 𝐷1,ℎ𝑢𝑏

𝐷ℎ = 𝜋
𝐷2

1,𝑡 𝑖𝑝
−𝐷2

1,ℎ𝑢𝑏

𝜋𝐷1,𝑡 𝑖𝑝+2𝑍(𝐷1,𝑡 𝑖𝑝−𝐷1,ℎ𝑢𝑏 )

𝑊 =
2𝑊2+𝑊1,𝑡 𝑖𝑝+𝑊1 ,ℎ𝑢𝑏

4

Blade loading Coppage and Dallenbach [22]

Δℎ𝑏𝑙 = 0.05𝐷2

𝑓
𝑈2

2

𝐷 𝑓 = 1 − 𝑊2

𝑊1,𝑡 𝑖𝑝
(1 + 0.75(𝑈2𝐶𝑢2−𝑈1𝐶𝑢1)/𝑈2

2

𝑍/𝜋(1−𝐷1,𝑡 𝑖𝑝/𝐷2)+2𝐷1,𝑡 𝑖𝑝/𝐷2

)

Recirculation
Δℎ𝑟𝑒𝑐 = 8𝑒−5

sinh(3.5𝛼3

2
)𝐷2

𝑓
𝑈2

2
Oh and [65]

Mixing
Δℎ𝑚𝑖𝑥 =

1

1+𝑡𝑎𝑛2(𝛼2)
𝐶2

2

2
( 1−𝑒−𝑏∗

1−𝑒 )2 Johnston and Dean [55]

Diffuser Japikse [50]

Δℎ𝑑𝑖 𝑓 𝑓 = 2 𝑓
𝐿𝑑𝑖 𝑓 𝑓
𝐷ℎ,𝑑𝑖 𝑓 𝑓

𝐶2

𝑎𝑣𝑔

𝑓 = 0.015( 1.8𝑒5

𝑅𝑒𝑑𝑖 𝑓 𝑓
)0.2

𝑅𝑒𝑑𝑖 𝑓 𝑓 =
𝜌𝐶𝑟,𝑎𝑣𝑔𝐷ℎ,𝑑𝑖 𝑓 𝑓

𝜇2

𝐶𝑟,𝑎𝑣𝑔 = 𝐶𝑟2
𝐷2

2𝐿𝑑𝑖 𝑓 𝑓
𝑙𝑛(𝐷3

𝐷2

) 𝜌2

0.5(𝜌2+𝜌3)
𝐿𝑑𝑖 𝑓 𝑓 =

𝐷3−𝐷2

2

𝐷ℎ,𝑑𝑖 𝑓 𝑓 = 2𝑏2𝑏
∗

𝐶𝑎𝑣𝑔 =
𝐶2+𝐶3

2

55



56

Table B.2: Input parameters for the centrifugal compressor one-dimensional loss-correlation model literature comparison.

Parameter Unit Compressor 1 [64, 25] Compressor 2 [58] Compressor 3 [77, 76, 93]

¤𝑚 𝑘𝑔/𝑠 1.79 6.3 0.04

𝑝𝑖𝑛 𝑏𝑎𝑟 0.96 120 1.77

𝑇𝑖𝑛 𝐾 300 320 266.15

Π - 2.36 1.6 3.3

𝐷1,ℎ𝑢𝑏/𝐷1,𝑡 𝑖𝑝 - 0.3 0.267 0.357

𝐷3/𝐷2 - 2 1.87 1.65

𝑥 𝑚𝑚 2 0.76 0.2

𝑡 𝑚𝑚 0.5 0.25 0.1

𝐶𝑢2/𝑈2 - 0.67 0.66 0.64

𝑁 𝑘𝑟𝑝𝑚 27.66 75.0 210

Table B.3: Heat-transfer coefficient correlations.

Single phase heating/cooling
For 2300 < 𝑅𝑒 < 10

6
and 0.6 < 𝑃𝑟 < 10

5

𝛼 =
( 𝑓 /8)(𝑅𝑒−1000)𝑃𝑟

1+12.7
√
𝑓 /8(𝑃𝑟2/3−1)

𝑘
𝐷ℎ

Gnielinski [36]

𝑓 = (0.79 ln(𝑅𝑒) − 1.64)−2
Petukhov [66]

Supercritical heating
𝛼 = 0.0012𝑅𝑒0.9484𝑃𝑟0.718

𝑎𝑣𝑒 𝐾−0.0313 𝑘
𝐷ℎ

Zhu et al. [102]

𝐾 = ( 𝑞

𝐺ℎ𝑤𝑎𝑙𝑙
)2 𝜌

𝜌𝑤𝑎𝑙𝑙

Supercritical cooling
𝛼 = 0.128𝑅𝑒0.8

𝑤𝑎𝑙𝑙
𝑃𝑟0.3

𝑤𝑎𝑙𝑙
( 𝜌
𝜌𝑤𝑎𝑙𝑙

)0.437( 𝑐𝑝,𝑎𝑣𝑒𝑐𝑝,𝑤𝑎𝑙𝑙
)0.411( 𝐺𝑟

𝑅𝑒2
)0.205 𝑘𝑤𝑎𝑙𝑙

𝐷ℎ
Liao and Zhao

[61]

Evaporation
𝛼 = Ψ𝛼𝑙 Shah [79]

For 𝑅𝑒 > 4000

𝛼𝑙 = 0.023𝑅𝑒0.8
𝑙
𝑃𝑟0.4

𝑙

𝑘𝑙
𝐷ℎ Dittus and Boel-

ter [26]

Ψ = 𝑚𝑎𝑥(Ψ𝑐𝑏 ,Ψ𝑛𝑏 ,Ψ𝑏𝑠) Shah [79]

Ψ𝑐𝑏 =
1.8
𝑁0.8

For 𝑁 > 1

Ψ𝑏𝑠 = 0

For 𝐵𝑜 > 0.00003

Ψ𝑛𝑏 = 230

√
𝐵𝑜

For 𝐵𝑜 < 0.00003

Ψ𝑛𝑏 = 1 + 46

√
𝐵𝑜

For 0.1 < 𝑁 < 1

Ψ𝑛𝑏 = 0

Ψ𝑏𝑠 = 𝐶
√
𝐵𝑜 exp(2.74𝑁−0.1)

For 𝑁 < 0.1
Ψ𝑛𝑏 = 0

Ψ𝑏𝑠 = 𝐶
√
𝐵𝑜 exp(2.47𝑁−0.15)

For 𝐵𝑜 > 0.0011

𝐶 = 14.7
For 𝐵𝑜 < 0.0011

𝐶 = 15.43

For 𝐹𝑟𝑙 > 0.04

𝑁 = 𝐶𝑜
For 𝐹𝑟𝑙 < 0.04
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𝑁 = 0.38𝐹𝑟−0.3
𝑙

𝐶𝑜

Condensation
For 𝐽𝑔 > 0.98(𝑍 + 0.263)−0.62

: Shah [81, 82]

𝛼 = 𝛼𝐼
For 𝐽𝑔 < 0.95(1.254 + 2.27𝑍1.249)−1

:

𝛼 = 𝛼𝑁𝑢
Else:

𝛼 = 𝛼𝐼 + 𝛼𝑁𝑢
𝑍 = ( 1

𝑥 − 1)0.8𝑝0.4
𝑟

𝛼𝐼 = 𝛼𝑙(1 + 3.8
𝑍0.95

)( 𝜇𝑙
14𝜇𝑔

)(0.0058+0.557𝑝𝑟 )

For 𝑅𝑒 > 4000

𝛼𝑙 = 0.023𝑅𝑒0.8
𝑙
𝑃𝑟0.4

𝑙

𝑘𝑙
𝐷ℎ Dittus and Boel-

ter [26]

𝛼𝑁𝑢 = 1.32𝑅𝑒−0.333

𝑙
( 𝜌𝑙 (𝜌𝑙−𝜌𝑔 )𝑔𝑘

3

𝑙

𝜇2

𝑙

)0.333
Shah [81, 82]

Parameters
𝑅𝑒 =

𝐺𝐷ℎ

𝜇

𝑅𝑒𝑤𝑎𝑙𝑙 =
𝐺𝐷ℎ

𝜇𝑤𝑎𝑙𝑙

𝑅𝑒𝑙 =
𝐺(1−𝑥)𝐷ℎ

𝜇𝑙

𝑃𝑟 =
𝑐𝑝𝜇
𝑘

𝑃𝑟𝑎𝑣𝑒 =
𝑐𝑝,𝑎𝑣𝑒𝜇
𝑘

𝑐𝑝,𝑎𝑣𝑒 =
ℎ𝑤𝑎𝑙𝑙−ℎ
𝑇𝑤𝑎𝑙𝑙−𝑇

𝑃𝑟𝑤𝑎𝑙𝑙 =
𝑐𝑝,𝑤𝑎𝑙𝑙𝜇𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙

𝑃𝑟𝑙 =
𝑐𝑝,𝑙𝜇𝑙
𝑘𝑙

𝐺𝑟 =
𝑔𝛽|𝑇𝑤𝑎𝑙𝑙−𝑇 |𝐷3

ℎ

𝜈2

𝐵𝑜 =
𝑞

𝐺ℎ 𝑓 𝑔

ℎ 𝑓 𝑔 = ℎ𝑔 − ℎ𝑙
𝐶𝑜 = ( 1

𝑥 − 1)0.8
√

𝜌𝑔
𝜌𝑙

𝐹𝑟𝑙 =
𝐺2

𝜌2

𝑙
𝑔𝐷ℎ

𝑝𝑟 =
𝑝

𝑝𝑐 𝑟𝑖𝑡



C
Results

Table C.1: Environmental, safety, and practical parameters for working-fluid selection of the individual working-fluid

components of the vapor-compression heat pump and the reversed-Brayton heat pump [24, 86, 43, 42, 84, 85, 63, 3, 13].

Fluid ODP GWP PFAS TFA OEL ISO LFL AIT

[𝑚𝑔/𝑚3
] [%𝑚𝑜𝑙] [°C]

Acetone 0 1 no - 1210 2.4 528

Ammonia 0 0 no - 14 B2L 14 630

Butane no - 1000 1.2 392

Butene no - 1530 1.5 360

CO2 0 1 no - 9000 A1 n/a n/a

Cyclohexane no - 700 A3 1.0 246

Cyclopentane 0 11 no - 600 A3 1.4 320

Cyclopropane 1.8 no - A3 2.4 495

Diethylether no - 308 1.7 175

Dimethylether 0 1 no - 950 A3 2.8 240

Ethane 0 2.9 no - 1000 A3 2.4 515

Ethanol 0 1 no - 260 3.3 260

Ethylene no - 330 2.4 440

Heptane no - 1200 0.8 220

Hexane no - 72 0.9 230

Isobutane 0 3 no - 1000 A3 1.5 460

Isobutene no - 1530 1.6 465

Isohexane no - 1800 1.2 300

Isopentane 0 4 no - 1800 A3 1.3 420

Methane no - 1000 4.3 595

Methanol 0 2.8 no - 133 n/a 6.0 450

Neopentane no - 1.3 450

Pentane no - 1800 1.1 260

Propane 0 3 no - 1800 A3 1.7 459

Propylene 0 2 no - 900 A3 2.0 485

R1224yd(Z) 0 1 yes high 1260 A1 16 543

R1233zd(E) 4.5 yes low 1779 380

R1234yf 4 yes high 6.2 405

R1234ze(E) 0 1 yes low 3902 A2L 7.0 368

R1234ze(Z) 0 1 yes 3902 A2L 7.0 368

R1236mzz(E) yes low

R1236mzz(Z) 0 2 yes low 3354 492
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Table C.2: Mean performance indicators of the best-performing vapor-compression heat pump working fluids of distinct

working-fluid families.

Scenario Fluid family COP VHC Pressure ratio 𝑝𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐴

[-] [𝑀𝐽/𝑚3
] [-] [𝑏𝑎𝑟] [°𝐶] [𝑚2

]

S1 Maximum 3.92 8.5 18.2 114 279 144

Minimum 1.79 0.6 5.2 5.8 159 46

Acetone 3.90 2.8 6.4 19.3 187 86

Alcohol 3.85 2.6 8.9 19.1 228

Ammonia 3.84 8.0 6.1 46.9 279

Ether 3.83 3.9 6.3 26.0 184 103

CO2 2.38 8.5 8.4 96.8 234 67

C1-hydrocarbon 1.79 4.4 18.2 114.0 241 46

C2-hydrocarbon 2.62 6.8 5.8 66.6 191 75

C3-hydrocarbon 3.79 4.7 5.2 30.5 179 103

C4-hydrocarbon 3.82 2.4 6.9 18.1 173 115

C5-hydrocarbon 3.63 2.0 8.4 16.8 176 104

C6-hydrocarbon 3.80 1.5 8.5 12.3 168 113

C7-hydrocarbon 3.92 0.8 10.7 6.9 159 144

Synthetic 3.71 2.4 7.7 19.0 172 132

Water 3.77 0.6 15.7 5.8 251

S2 Maximum 3.23 9.3 52.7 110.6 477 176

Minimum 1.80 0.5 7.7 14.6 207 68

Acetone 3.11 3.2 12.9 39.5 227 100

Alcohol 3.11 2.7 19.4 36.5 288

Ammonia 3.23 5.9 11.2 52.9 324

Ether 3.10 4.5 11.5 51.6 223 122

CO2 2.46 9.3 9.0 107.7 238 88

C1-hydrocarbon 1.80 4.4 17.3 110.6 238 68

C2-hydrocarbon 2.55 8.9 7.7 101.8 213 114

C3-hydrocarbon 3.08 5.3 9.6 57.0 215 120

C4-hydrocarbon 3.06 2.8 14.8 41.9 211 147

C5-hydrocarbon 2.98 2.5 17.1 39.8 210 146

C6-hydrocarbon 3.06 1.7 20.5 30.7 207 176

C7-hydrocarbon 2.74 0.5 52.7 18.2 209 133

Synthetic 3.03 2.7 16.4 42.1 211 164

Water 3.03 1.0 26.0 14.6 477

S3 Maximum 2.47 5.5 112.9 201.4 484 96

Minimum 1.43 0.3 12.2 12.3 238 38

Acetone 2.44 0.8 31.7 21.6 299 68

Alcohol 2.38 0.6 63.8 24.5 359 38

Ammonia 2.21 5.5 22.1 90.4 460

Ether 2.38 1.1 27.9 29.6 262 86

CO2 1.61 5.5 44.6 196.9 372 45

C1-hydrocarbon 1.43 2.1 112.9 201.4 359 42

C2-hydrocarbon 1.67 3.9 63.5 153.6 338 50

C3-hydrocarbon 2.09 4.2 12.2 72.2 271 63

C4-hydrocarbon 2.27 1.9 17.9 38.8 254 77

C5-hydrocarbon 2.41 0.9 30.5 24.7 266 81

C6-hydrocarbon 2.44 0.6 34.3 17.3 257 85

C7-hydrocarbon 2.45 0.3 51.2 12.3 245 91

Synthetic 2.32 1.6 21.0 35.5 265 96

Water 2.47 0.6 52.0 16.8 484
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Table C.3: Mean performance indicators of the best-performing reversed-Brayton heat pump without internal heat exchanger

working fluids of distinct working-fluid families.

Scenario Fluid family COP VHC Pressure ratio 𝑝𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐴

[-] 𝑀𝐽/𝑚3
[-] 𝑏𝑎𝑟 °𝐶 𝑚2

S1 Maximum 2.86 21.2 12.3 233.2 196 332

Minimum 1.91 0.5 2.5 15.8 168 128

Ammonia 2.40 4.3 3.2 60.1 175 147

Ether 2.29 2.3 4.2 36.2 174 162

Gas 2.77 21.2 2.7 207.2 192 199

C1-hydrocarbon 2.32 16.4 3.0 212.7 187 139

C2-hydrocarbon 2.86 15.6 3.1 156.0 181 165

C3-hydrocarbon 2.51 4.1 3.4 56.0 168 170

C4-hydrocarbon 2.11 1.4 6.1 28.5 179 143

C5-hydrocarbon 1.91 0.5 12.3 15.8 190 128

Noble gasses 2.38 19.3 2.5 233.2 196 332

S2 Maximum 2.56 23.9 16.6 245.9 214 281

Minimum 1.84 0.6 2.9 21.8 207 117

Ammonia 1.98 2.7 4.6 48.0 209 127

Ether 2.22 9.1 7.0 109.2 209 142

Gas 2.54 23.9 3.3 243.2 214 175

C1-hydrocarbon 2.13 17.3 3.6 240.5 210 122

C2-hydrocarbon 2.56 22.4 4.4 245.9 211 150

C3-hydrocarbon 2.11 3.5 6.8 64.1 209 117

C4-hydrocarbon 1.94 1.2 10.6 30.9 209 133

C5-hydrocarbon 1.84 0.6 16.6 21.8 207 153

Noble gasses 2.27 20.1 2.9 242.7 213 281

S3 Maximum 1.87 12.8 39.7 234.8 268 147

Minimum 1.60 0.5 5.1 42.1 220 87

Ammonia 1.79 5.7 6.8 128.8 235 106

Ether 1.79 2.8 9.5 79.1 224 124

Gas 1.76 12.8 5.1 234.8 255 121

C1-hydrocarbon 1.61 7.9 9.4 208.7 254 87

C2-hydrocarbon 1.83 8.8 7.7 199.6 235 110

C3-hydrocarbon 1.87 3.6 9.2 96.9 220 126

C4-hydrocarbon 1.72 1.6 15.6 63.7 228 113

C5-hydrocarbon 1.60 0.5 39.7 42.1 240 99

Noble gasses 1.60 10.8 5.1 217.3 268 147
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Table C.4: Mean performance indicators of the best-performing reversed-Brayton heat pump with internal heat exchanger

working fluids of distinct working-fluid families.

Scenario Fluid family COP VHC Pressure ratio 𝑝𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐴

[-] [𝑀𝐽/𝑚3
] [-] [𝑏𝑎𝑟] [°𝐶] [𝑚2

]

S1 Maximum 3.03 21.2 7.3 206.5 196 494

Minimum 2.01 0.7 2.3 16.5 172 187

Ammonia 2.49 4.0 2.7 52.0 177 187

Ether 2.57 7.6 3.3 76.2 181 218

Gas 2.89 21.2 2.5 194.3 196 270

C1-hydrocarbon 2.59 17.6 2.6 199.1 185 210

C2-hydrocarbon 3.03 15.3 2.6 138.9 181 219

C3-hydrocarbon 2.57 3.8 3.0 47.8 172 218

C4-hydrocarbon 2.20 1.4 4.6 23.9 180 203

C5-hydrocarbon 2.01 0.7 7.3 16.5 187 189

Noble gasses 2.62 19 2.3 206.5 192 494

S2 Maximum 2.76 27.3 9.3 248 215 470

Minimum 1.88 0.7 2.6 18.4 207 168

Ammonia 2.16 4.2 3.1 59.7 207 168

Ether 2.32 8.5 4.8 89.5 208 195

Gas 2.75 27.3 2.8 245.6 215 270

C1-hydrocarbon 2.39 21.6 3.3 248.0 208 184

C2-hydrocarbon 2.76 23.3 3.5 219.4 209 230

C3-hydrocarbon 2.29 8.2 3.7 94.7 208 220

C4-hydrocarbon 2.01 1.2 7.4 25.1 208 179

C5-hydrocarbon 1.88 0.7 9.3 18.4 208 204

Noble gasses 2.50 22.6 2.6 241.9 210 470

S3 Maximum 2.10 20.3 11.3 249.4 275 374

Minimum 1.68 0.7 2.8 22.7 236 144

Ammonia 1.89 4.5 3.7 70.4 245 164

Ether 1.93 8.2 4.7 111.5 251 170

Gas 2.03 20.3 3.3 246.7 275 208

C1-hydrocarbon 1.93 17.8 3.3 249.3 254 164

C2-hydrocarbon 2.10 15.6 3.8 198.2 254 167

C3-hydrocarbon 1.94 4.3 4.1 67.7 236 180

C4-hydrocarbon 1.78 1.5 6.9 32.9 242 153

C5-hydrocarbon 1.68 0.7 11.3 22.7 249 144

Noble gasses 1.93 18.8 2.8 249.4 270 374
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Table C.5: Centrifugal compressor dimensions and efficiency estimation results for the vapor-compression heat pump for the

three heating scenarios for a heating duty of 1 𝑀𝑊 and 10 𝑀𝑊 .

VCHP

Heating scenario S1 S2 S3

Heating duty 1 MW 10 MW 1 MW 10 MW 1 MW 10 MW

Discharge pressure [𝑏𝑎𝑟] 26.1 77.3 40.5

Inlet volume flow [𝑚3/𝑠] 0.23 2.30 0.12 1.24 0.46 4.57

Number of stages 2 2 3

Pressure ratio per stage 2.20 2.62 2.41

Rotational speed [𝑘𝑟𝑝𝑚] 52.1 16.1 88.8 31.2 32.6 9.5

Power [𝑀𝑊] 0.12 1.19 0.18 1.70 0.15 1.46

Diameter [𝑐𝑚] 10.6 33.6 7.2 20.1 13.3 44.3

Isentropic efficiency 80.2 83.6 75.4 79.4 76.8 81.1

Power [𝑀𝑊] 0.13 1.23 0.18 1.70 0.15 1.41

Diameter [𝑐𝑚] 10.8 34.3 7.3 20.1 13.0 43.7

Isentropic efficiency 77.7 82.3 75.8 79.3 82.9 85.7

Power [𝑀𝑊] - - - - 0.16 1.50

Diameter [𝑐𝑚] - - - - 13.5 44.7

Isentropic efficiency - - - - 75.0 79.4

Isentropic efficiency 78.1 82.2 74.0 77.9 76.6 80.8

Difference -1.9 +2.2 -6.0 -2.1 -3.4 +0.8

Adjusted COP 3.92 4.13 2.79 2.94 2.17 2.29

Table C.6: Centrifugal compressor dimensions and efficiency estimation results for the reversed-Brayton heat pump without and

with internal heat exchanger for the three heating scenarios for a heating duty of 1 𝑀𝑊 and 10 𝑀𝑊 .

RBHP RBHP (IHX)

Heating scenario S1 S2 S3 S1 S2 S3

Heating duty 1 MW 10 MW 1 MW 10 MW 1 MW 10 MW 1 MW 10 MW 1 MW 10 MW 1 MW 10 MW

Discharge pressure [𝑏𝑎𝑟] 220.8 250.0 250.0 199.4 250.0 250.0

Inlet volume flow [𝑚3/𝑠] 0.04 0.42 0.04 0.39 0.07 0.68 0.04 0.44 0.03 0.34 0.05 0.47

Number of stages 1 1 2 1 1 1

Pressure ratio per stage 2.69 3.08 2.11 2.40 2.83 3.08

Rotational speed [𝑘𝑟𝑝𝑚] 130.8 41.9 165.7 50.4 107.9 33.0 118.8 38.1 167.7 51.6 175.0 54.6

Power [𝑀𝑊] 0.53 4.76 0.59 5.13 0.41 3.78 0.49 4.39 0.52 4.50 0.70 6.16

Diameter [𝑐𝑚] 5.2 15.5 4.5 14.0 5.5 17.4 5.5 16.4 4.4 13.5 4.8 14.6

Isentropic efficiency 73.0 81.8 70.1 80.6 75.3 82.3 74.6 82.5 70.5 80.8 71.0 80.7

Power [𝑀𝑊] - - - - 0.54 4.78 - - - - - -

Diameter [𝑐𝑚] - - - - 6.3 19.5 - - - - - -

Isentropic efficiency - - - - 73.9 81.6 - - - - - -

Isentropic efficiency 73.0 81.8 70.1 80.6 72.6 80.6 74.6 82.5 70.5 80.8 71.0 80.7

Difference -2.0 +6.8 -4.9 +5.6 -2.4 +5.6 -0.4 +7.5 -4.5 +5.8 -4.0 +0.7

Adjusted COP 2.71 3.21 2.38 2.91 1.67 1.98 2.89 3.34 2.58 3.10 1.88 2.23
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Table C.7: The required type and resulting heat transfer area requirement of the heat exchanger sizing for the vapor-compression

heat pump and reversed-Brayton heat pump for the three heating scenarios.

Scenario Type Source Sink IHX

Type Design Area [𝑚2
] Type Design Area [𝑚2

] Type Design Area [𝑚2
]

S1 VCHP Multiple pipe s/s tubes, <50 𝑏𝑎𝑟 133 Multiple pipe s/s tubes, <50 𝑏𝑎𝑟 118 Multiple pipe c/s tubes, <50 𝑏𝑎𝑟 48

RBHP Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 562 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 93 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 566 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 93 Multiple pipe c/s tubes, >150 𝑏𝑎𝑟 180

VCHP Shell-and-tube s/s tubes, <50 𝑏𝑎𝑟 1333 Shell-and-tube s/s, low <50 𝑏𝑎𝑟 1180 Plate c/s, <50 𝑏𝑎𝑟 160

RBHP Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 5620 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 931 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 5656 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 931 Shell-and-tube c/s tubes, >150 𝑏𝑎𝑟 1803

S2 VCHP Multiple pipe s/s tubes, <50 𝑏𝑎𝑟 142 Multiple pipe s/s tubes, 50-100 𝑏𝑎𝑟 191 Multiple pipe c/s tubes, 50-100 𝑏𝑎𝑟 36

RBHP Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 477 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 145 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 494 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 129 Multiple pipe c/s tubes, >150 𝑏𝑎𝑟 159

VCHP Shell-and-tube s/s tubes, <50 𝑏𝑎𝑟 1417 Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 1908 Plate c/s, >50 𝑏𝑎𝑟 120

RBHP Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 4766 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 1452 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 4943 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 1289 Shell-and-tube c/s tubes, >150 𝑏𝑎𝑟 1587

S3 VCHP Multiple pipe s/s tubes, <50 𝑏𝑎𝑟 67 Multiple pipe s/s tubes, <50 𝑏𝑎𝑟 88 Multiple pipe c/s tubes, <50 𝑏𝑎𝑟 144

RBHP Multiple pipe s/s tubes, 50-100 𝑏𝑎𝑟 288 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 85 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 348 Multiple pipe s/s tubes, >150 𝑏𝑎𝑟 71 Multiple pipe c/s tubes, >150 𝑏𝑎𝑟 168

VCHP Shell-and-tube s/s tubes, <50 𝑏𝑎𝑟 673 Shell-and-tube s/s tubes, <50 𝑏𝑎𝑟 881 Shell-and-tube c/s tubes, <50 𝑏𝑎𝑟 1440

RBHP Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 2883 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 847 - - -

RBHP (IHX) Shell-and-tube s/s tubes, 50-100 𝑏𝑎𝑟 3483 Shell-and-tube s/s tubes, >150 𝑏𝑎𝑟 706 Shell-and-tube c/s tubes, >150 𝑏𝑎𝑟 1676
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