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H I G H L I G H T S  

• Reverse Joule-Brayton heat pumps investigated as means of preheating industrial hydrogen. 
• Full system optimisation approach developed, including heat exchangers. 
• COP estimated to be 1.4–1.7 at 300–500 ◦C preheat temperatures. 
• H2 demand could be reduced by > 20% by preheating to 500 ◦C. 
• Cost of green H2 for heating could be reduced by > 10%.  
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A B S T R A C T   

Decarbonising industry while maintaining economic competitiveness and improving living standards is one of 
the main challenges of reaching net zero targets, and low-carbon process heating will play a key role in this. In 
this work we investigate the potential to reduce the energy demands of hydrogen-based industrial heating sys-
tems using very high temperature reverse Joule-Brayton cycle heat pumps as preheaters, considering their 
economics and technical challenges. A thermodynamic process model is used to assess performance at temper-
atures of 300–500 ◦C, and cost optimisation is used to conduct cost-benefit analysis of preheating green hydrogen 
using heat pumps. It is found that over this temperature range, heat pump coefficient of performance lies in the 
range 1.4–1.7, with the turbine meeting 30–40% of the compressor load. At the electricity prices currently paid 
by heavy industry in Western Europe, levelised cost of heat from these heat pumps would be less than 4.5p/kWh. 
Using 500 ◦C heat pumps as preheaters in hydrogen heating systems could reduce hydrogen demands by over 
20% and provide savings on the cost of green hydrogen of at least 8% out to 2050. With process heat accounting 
for three-quarters of industrial energy use and half of this being at temperatures above 400 ◦C, these savings are 
significant and suggest that very high temperature heat pumps could make an important contribution to in-
dustrial decarbonisation.   

1. Introduction 

Industrial decarbonisation is one of the major challenges for gov-
ernments and organisations seeking to meet net zero emissions targets 
[1]. Many industrial sectors have a range of promising options to 
decarbonise production processes, such as fuel-switching and carbon 
capture and storage, however the route towards decarbonisation of heat 
supply within industry is currently unclear. Process heat accounts for 
three-quarters of industrial energy use, with around half of this being at 
temperatures above 400 ◦C [2]. In the heavy industries, temperatures 

can exceed 1,000 ◦C; such temperatures are typically achieved currently 
through combustion of fossil fuels, with their associated greenhouse gas 
emissions. Sectors that involve particularly high process temperatures 
include basic metals, chemicals, glass, cement, and ceramics, with the 
majority of the heat demand in those sectors (virtually all in iron and 
steel) being at temperatures above 500 ◦C [3,4]. 

Heat pumps have been widely adopted for relatively low tempera-
ture applications, such as space heating in homes and businesses, 
because of their potential to use low-carbon electricity and lower elec-
tricity requirements than resistance heating. However, their adoption 
within industry for process heat has been limited to date, in part because 
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their coefficient of performance reduces as sink temperature is 
increased. To achieve higher temperatures, it is necessary to increase the 
pressure ratio across the compressor, but this pressure ratio is ultimately 
limited by the need to avoid icing at the low temperature heat 
exchanger. This is particularly important for water-source heat pumps, 
including seawater heat pumps and mine water heat pumps, which 
benefit from water’s high heat capacity and thermal conductivity, the 
potential for water to be pumped to a heat exchanger, and the relative 
ease of installing collector loops in water. 

Mine water geothermal energy has seen particular interest in recent 
years due to its potential to provide useful low temperature heat in low- 
carbon district heating schemes. Mine water heat has already been 
harnessed in several countries around the world, including Canada, the 
Netherlands, Spain, and the UK [5]. It has been estimated that one 
quarter of the UK population lives above abandoned coal mines [6], 
many of which were left to gradually flood after mining ceased in the 
1980 s and 1990 s. This water is heated through natural geothermal 
processes. As a result of coal’s fundamental role in the industrial revo-
lution, heavy industry is often located around former coal mining areas. 
Of the UK’s steel production sites, for example, all but one (the inte-
grated steelworks at Scunthorpe) are located above abandoned coal 
mines, shown in Fig. 1. Similarly, other currently carbon intensive heavy 
industries such as cement, glass, and plastics manufacturing are clus-
tered in former coal mining areas such as Teesside, South Wales, and 
South Yorkshire. 

Recent research by the British Geological Survey determined a me-
dian geothermal gradient of 24.1 ◦C/km for the British coalfields [7]. Of 
interest to UK heavy industry are the mean geothermal gradients in the 
North East (34.4 ◦C/km), Yorkshire (32.3 ◦C/km), Central Scotland 
(29.8 ◦C/km), South Wales (19.5 ◦C/km), and Warwickshire (17.3 ◦C/ 
km). Practical experience has shown that abstraction of mine water 
brings deeper warmer water closer to the surface, leading to increased 
temperatures along the length of the pumping shaft. 

Hydrogen has been proposed as a decarbonisation option in several 
industrial sectors, including steel [8] and glass [9], and hydrogen 
combustion is being investigated as a means of providing high- 

Nomenclature 

a Tube inner radius 
Ac Cross-sectional flow area 
b Tube outer radius 
COEP Coefficient Of Exergetic Performance 
COP Coefficient Of Performance 
C Cost 
d Tube pitch 
D Tube diameter 
DH Hydraulic diameter 
eq,HP Exergy supplied by the heat pump 
fD Friction factor 
h Heat transfer coefficient 
hi Enthalpy at state i; Heat transfer coefficient of flow inside 

tube 
ho Heat transfer coefficient of flow outside tube 
hs,i Enthalpy at compressor/expander outlet after isentropic 

process 
H Molar enthalpy 
k Thermal conductivity 
L Heat exchanger length 
ṁ Mass flow rate 
n Lifetime 
N Number of heat exchanger tubes 
Nu Nusselt number 

pi Absolute pressure at state i 
Pr Prandtl number 
qHP Heat supplied by the heat pump 
Q̇ Heat transfer rate 
r Discount rate 
rHP Pressure ratio 
Re Reynolds number 
si Entropy at state i 
Tb Bulk mean fluid temperature 
Te Exit temperature 
Ti Absolute temperature at state i; Inlet temperature 
T∞ Ambient temperature 
U Overall heat transfer coefficient 
v Flow velocity 
wC Work done by the compressor 
wHP Net work done by the heat pump 
wT Work done by the turbine 
γ Recuperation rate 
ηs,C Isentropic compressor efficiency 
ηs,T Isentropic turbine efficiency 
λ Air-fuel equivalence ratio 
μ Dynamic viscosity 
ν Kinematic viscosity 
ρ Density 
ϕ Fractional fuel saving  

Fig. 1. Location of coalfield mine water blocks in the UK [7].  
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temperature heat. However, our previous research on hydrogen-based 
steelmaking has shown that the electricity generation and storage re-
quirements for green hydrogen production in decarbonising industry 
will be significant [10], with electrolyser efficiencies typically being 
below 70%. To decarbonise the UK steel industry with green hydrogen, 
the energy system would need to be expanded by around 4.1 GW of wind 
capacity, 3.5 GW of solar capacity, and 830 GWh / 0.83 GW of hydrogen 
storage. 

While heat pumps alone are not suitable to reach the extremes of 
temperature required for many industrial processes (such as the ~ 
2,000 ◦C temperature in blast furnaces), they could be used to preheat 
combustion air or hydrogen, reducing hydrogen requirements. In turn 
this would reduce electricity system requirements and production of 
nitrous oxide, with its considerable global warming potential over a 100 
year range being roughly ten times than of methane [11]. Heat pumps 
could also act as efficient preheaters for other heating systems, such as 
those based on induction or microwave technology [12,13], and within 
solid-state hydrogen compression systems based on metal hydrides [14]. 

Unlike electrical heating systems based on resistive heating, heat 
pumps absorb heat from the environment and so have coefficients of 
performance that are greater than one, and typically in the region of 2–5. 
This can considerably reduce the electricity demands of electrical 
heating systems. However, heat pumps include moving components 
(thus increasing maintenance requirements), their coefficient of per-
formance reduces as temperature is increased, and elevated temperature 
operation requires consideration of thermal expansion (particularly 
relevant to sealing around moving components). 

Heat pumps have typically been considered for low temperature 
applications in buildings, district heating, and industry, with maximum 
temperatures of up to around 75–100 ◦C [15]. However, over the last ~ 
10 years, a new field of thermo-mechanical energy storage systems, 
sometimes known as “Carnot batteries” [16], has developed, whereby 
heat pumps are combined with thermal energy storage units to form 
build-anywhere long-duration electricity storage. Of the class of Carnot 
batteries, pumped thermal electricity storage systems have been pro-
posed involving heat pumps operating at upper temperatures in the 
range of 500–1,000 ◦C [17–21], and a test facility has been built at 
Newcastle University in the UK with an argon heat pump operating at a 
temperature of 500 ◦C [22]. 

Very little attention has been given to the opportunities for such 
ultra-high temperature heat pumps to reduce the energy demands of 
low-carbon industrial process heat, even though the scale of energy 
consumption for industrial heating is vast. Vinnemeier et al investigated 
the thermodynamics of ultra-high temperature heat pumps, studying 
temperatures from 50 to 700 ◦C and working fluids of argon, air, and 
CO2 [23], however that research did not consider economics or the 
opportunities for using heat pumps to preheat combustion gases for 
industrial furnaces (necessary to reach the extremes of temperature 
required in some industrial processes, such as iron and steel production 
[3]). 

In this paper we investigate the potential for ultra-high temperature 
water-source heat pumps to reduce energy demand for process heating 
in industry, covering technical and techno-economic aspects. The pro-
posed system design and analysis methods are presented in Section 2. 
Analysis results are provided in Section 3, and their wider implications 
are discussed in Section 4. Finally, we draw conclusions from the 
research in Section 5. 

2. Methods 

To investigate the potential of ultra-high temperature heat pumps in 
industry, we implement a thermodynamic model of a heat pump 
featuring a recuperator (sometimes known as a regenerator), based on 
energy balances and constrained nonlinear optimisation, and analyse its 
performance over a range of temperatures and recuperation rates. We 
also investigate the economics of these heat pumps when used as a 

preheater for furnaces running on green hydrogen, using a discounted 
cash flow approach and accounting for the cost of electrolytic hydrogen 
production. To perform the economic analysis, we assume that the heat 
pump costs are dominated by the costs of the turbomachinery and heat 
exchangers, and so disregard other costs such as balance of plant, 
providing a lower bound estimate of the heat pump cost. The heat 
exchanger costs are calculated using heat transfer equations and a 
nonlinear multivariable optimisation routine that minimises the cost of 
each heat exchanger. 

2.1. Heat pump operating principle and overview of analysis procedure 

A heat pump capable of supplying heat at very high temperatures (e. 
g., 500 ◦C) while avoiding condensation of the working fluid at the 
outlet of the expander must make use of a recuperator. A schematic of 
the proposed concept is presented in Fig. 2, and an example 
temperature-entropy diagram is presented in Fig. 3. The working fluid 
circuit is denoted by points 1–6. In this work we assume that the heat 
pump transfers heat from a water source (such as mine water, as shown 
in Fig. 2) to an industrial plant, raising the temperature considerably in 
the process. We recognise that heat pumps can be used in a range of 
other arrangements, such as upgrading waste heat, and the methods 
outlined here allow the model to be repurposed for other such analyses. 

An electric motor (M) powers a compressor (C) to compress a gaseous 
working fluid (states 2 → 3), raising its temperature. Heat is supplied 
from the working fluid to the heat sink (e.g., an industrial plant) through 
the high temperature heat exchanger (3 → 4). Examples of low-pressure 
heat transfer media at the industrial plant side could include hydrogen 
and air (e.g., for preheating prior to combustion). The working fluid then 
passes some of its remaining heat to the low-pressure side of the circuit 
via the recuperator (4 → 5) to preheat the low-pressure working fluid 
prior to compression, before undergoing expansion in turbine T (5 → 6), 
lowering its temperature considerably. Work is extracted from the tur-
bine, reducing the system’s net work input requirement. The working 
fluid then extracts heat from the heat source (6 → 1), shown here as mine 
water, and receives further heat from the high-pressure side of the 
working fluid circuit via the recuperator (1 → 2), completing the cycle. 
Other possible heat sources include waste heat, seawater, lakewater, and 
air. 

The recuperator raises the compressor inlet temperature and lowers 
the expander inlet temperature, reducing the pressure ratio across the 

Fig. 2. Schematic of the recuperated mine water heat pump for indus-
trial heating. 
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turbomachinery and ultimately narrowing the heat pump temperature 
range. This allows very high temperature heat to be supplied while 
avoiding condensation of the working fluid at the turbine outlet. The 
recuperated heat pump follows the reverse Joule-Brayton cycle, and is 
known henceforth as a reverse Joule-Brayton heat pump. A temperature- 
entropy diagram is shown in Fig. 3 for the heat pump with argon as the 
working fluid. The temperature increase affected by the recuperator (1 
→ 2) is clear. 

In this paper, we assume single-stage compression and expansion, 
but recognise that multiple compression and expansion stages could 
improve performance. The costs and benefits of multi-stage compression 
and expansion should be investigated in future work. 

Evidently, very low temperatures are reached in the working fluid 
circuit, and in this work we assume that working fluid temperatures are 
only limited by the higher of the critical temperature and triple point 
temperature of the gas. Consequently, the working fluid must be dry (to 
avoid freezing of water vapour in the circuit) and the low temperature 
heat exchanger must be designed to ensure that the water source does 
not freeze at the low temperature end. We assume that a drier is used to 
ensure that the working fluid is kept dry, and our design calculations for 
the low temperature heat exchanger ensure that the water source tem-
perature remains above freezing. 

We recognise that the environmental implications of taking signifi-
cant quantities of heat from water sources requires further investigation, 
as does the feasibility of absorbing heat at such low temperatures, 
particularly with regards to drying of the working fluid (as mentioned 
above) and dynamic system control schemes that avoid icing in the low 
temperature heat exchanger. These considerations are deemed beyond 
the scope of the exploratory work presented here. 

The following subsections describe the analysis procedure in detail. 
In summary, the procedure to design the heat pump and calculate the 
levelised cost of heat is as follows:  

1. Find temperatures and pressures that maximise heat pump COP. 
(Sections 2.2–2.3.) Optimise working fluid temperatures and pres-
sures to maximise heat pump COP while meeting constraints that 
impose turbomachinery efficiencies and heat balances across the 
heat exchangers.  

2. Calculate the cost of the heat exchangers. (Section 2.4.) 
Considering each of the three heat exchangers separately, optimise 
the tube inner radius, tube length, and number of tubes based on the 
working fluid temperatures and pressures found previously. This 

minimises the cost of each heat exchanger by minimising the mass of 
steel used, while meeting constraints on total heat transfer and 
pressure drop on both sides of the tube walls. 

3. Calculate the cost of the turbomachinery. (Section 2.5.) Calcu-
late turbomachinery cost using the relations in Table 2.  

4. Calculate the levelised cost of heat. (Section 2.6.) Calculate the 
total capital expenditure on heat exchangers and turbomachinery, 
and the annual electricity cost savings, then calculate the net present 
value of the costs and supplied heat to get to a levelised cost of heat. 

2.2. Optimisation problem 

To model the heat pump thermodynamics, we take influence from 
the approach of Vinnemeier et al [23] by defining its operation through a 
set of equations that are framed as constraints in a nonlinear optimisa-
tion problem, which seeks to maximise the heat pump’s coefficient of 
performance (COP). This is solved using MATLAB’s fmincon function. 
We modify the Vinnemeier model by optimising for COP rather than 
exergy efficiency and reducing the number of optimisation variables 
from 32 to 4 (the minimum required). To avoid problems with conver-
gence, we approximate heat exchanger effectiveness using fixed termi-
nal temperature differences. 

The optimisation problem can be expressed as 

min − COP (1) 

subject to the constraints 

rHP =
p3

p2
(2)  

wC = h3 − h2 (3)  

wT = h5 − h6 (4)  

wHP = wC − wT (5)  

qHP = h3 − h4 (6)  

eq,HP = h3 − h4 − T∞(s3 − s4) (7)  

COEP =
eq,HP

wHP
(8)  

COP =
qHP

wHP
(9)  

ηs,C =
hs,3 − h2

h3 − h2
(10)  

ηs,T =
h5 − h6

h5 − hs,6
(11)  

h4 − h5 = h2 − h1 (12)  

T1 = T∞ − ΔTterm,LT (13)  

T3 = Tsupply +ΔTterm,HT (14)  

γ =
T4 − T∞

T3 − T∞
(15)  

T2 = T4 − ΔTterm,re (16)  

hi = h(Ti, pi) i = 1,⋯, 6 (17)  

si = s(Ti, pi) i = 1,⋯, 6 (18) 

rHP is the pressure ratio across the turbomachinery, wC is the work 
done by the compressor in J per kg of working fluid passing through, wT 
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Fig. 3. Temperature-entropy diagram for the recuperated water-source heat 
pump supplying heat at 300 ◦C, with argon as the working fluid. Recuperation 
rate of 0.2. State numbering corresponds with Fig. 2 and is defined in the text. 
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is the work done on the turbine by the working fluid (J/kg), wHP is the 
net work done by the heat pump (J/kg), qHP and eq,HP are the heat and 
exergy supplied by the heat pump (J/kg), COEP and COP are the heat 
pump Coefficient Of Exergetic Performance and Coefficient Of Perfor-
mance, ηs,C and ηs,T are the isentropic efficiencies of the compressor and 
turbine, T∞ is the temperature of the heat source, Tsupply is the temper-
ature at which heat is supplied to the plant on the plant side of the high 
temperature heat exchanger, ΔTterm is the terminal temperature differ-
ence at the high temperature ends of the three heat exchangers (low 
temperature, high temperature, and recuperator), and γ is the recuper-
ation rate. 

Specific enthalpies (J/kg) and entropies (J/kg/K) are determined for 
each state 1–6 based on temperatures and pressures using CoolProp 
[24], an open-source thermophysical property library. 

To reduce the number of optimisation variables to the minimum 
necessary, we assume that there are only two distinct pressures in the 
system, phi (states 3,4,5) and plo (states 1,2,6), and fix the heat exchanger 
terminal temperature differences (ΔTterm) and the recuperation rate γ so 
that temperatures at states 1–4 can all be derived from the heat source 
temperature T∞ and supply temperature Tsupply. T1 and T3 are derived 
from T∞, Tsupply, ΔTterm,LT, and ΔTterm,HT in equations (13) and (14), then 
T4 is derived from T3, γ, and T∞ in equation (15) and T2 is derived from 
T4 and ΔTterm,re in equation (16). 

Consequently, only four optimisation variables are required: phi, plo, 
T5, and T6. Wherever these values are set by the solver, all other tem-
peratures can be derived as shown above, therefore all enthalpies and 
entropies can be derived using CoolProp, and the objective function and 
constraints functions can all be evaluated. Equality constraints are used 
to ensure that the isentropic efficiency equations for the compressor and 
turbine are satisfied (equations (10) and (11)), and that the energy 
balance across the recuperator is also satisfied (equation (12)). We also 
use inequality constraints to ensure that wHP, COP, and COEP are always 
positive and that the optimisation variables are bounded by pmin, pmax, 
Tmin, and Tmax, as explained in more detail in the following subsection. 

The heat pump parameters used in the analysis are given in Table 1. 

2.3. Working fluid and additional constraints 

In this study we assume that argon is used as the heat pump’s 
working fluid. Argon is inert, sufficiently abundant to make its use 
practicable, and a monatomic gas at standard temperature and pressure, 

so has a high heat capacity ratio of 5/3. This means that its temperature 
increases significantly when compressed. It has been proposed as the 
working fluid in pumped thermal electricity storage systems for these 
reasons [17,18,25]. Other candidate working fluids could include air, 
nitrogen, hydrogen, helium, and neon. Of these, air has the advantage of 
safety, and turbomachinery for air is widely available, however greater 
pressure ratios are required than with monatomic gases such as argon, 
helium, and neon. Energy storage systems have also been proposed 
based on Rankine cycle heat pumps, with candidate working fluids 
including carbon dioxide, ammonia, and ethanol [26]. It is expected that 
supercritical CO2 will form the working fluid in the next generation of 
concentrated solar power plants [27], as supercritical CO2 cycles have 
high efficiency and compact machinery. Research in supercritical CO2 
heat pumps may prove useful for further development of the ideas 
presented in this study. 

To avoid issues of sealing around a vacuum, all pressures are 
required to remain above atmospheric pressure. The upper pressure 
limit is set to 20 MPa to ensure that excessively high pressures do not 
occur. Liquefaction of the working fluid is avoided by constraining all 
working fluid temperatures to be at least 20 K above the higher of the 
critical temperature and triple point temperature, and icing of the water 
source is avoided by constraining T8 to be above 2 ◦C. An upper tem-
perature limit Tmax of 850 K is imposed, based on the universal “creep 
cliff” for stainless steels at temperatures of around 873 K [20]. 
(Depending upon temperatures and the nature of the heat source/sink 
fluids, it may be possible to use non-stainless steels for some or all of the 
heat exchangers, however we conservatively assume that austenitic 
stainless steels are used.) The effect of varying Tsupply over the range 
300–500 ◦C is examined in the studies that follow. These remaining 
constraints are given below. 

101325Pa ≤ pi ≤ 200e5 Pa i = 1,⋯, 6 (19)  

171K ≤ Ti ≤ 850 K i = 1,⋯, 6 (20)  

T8 ≥ 275.15K (21)  

T10 = Tsupply (22)  

2.4. Heat exchangers 

In this study we account for the costs of the three heat exchangers in 
the system: high-temperature, low-temperature, and recuperator. They 
are each modelled as counter-flow shell-and-tube heat exchangers, 
assuming that the heat pump working fluid passes through the tubes in 
the high-temperature and low-temperature heat exchangers, and that 
the high-pressure side of the circuit passes through the tubes in the 
recuperator. 

In line with similar analyses in studies of pumped thermal electricity 
storage systems, we consider only convective heat transfer between the 
fluids and the inside and outside of the tubes, assuming that any radi-
ation effects are included in the convection heat transfer coefficients, 
and assuming that the thermal resistance of the tube wall is negligible on 
the basis that the tube wall thickness is small and the thermal conduc-
tivity of the tube material is high. 

To ensure that the optimisation procedures remain stable, the heat 
exchangers are optimised separately after pressures, temperatures, and 
mass flow rates have been determined with the main heat pump opti-
misation described above. We recognise that this will not result in the 

Table 1 
Heat pump parameters.  

Turbomachinery   

Isentropic compressor efficiency, ηs,C 80 % 
[23] 

Isentropic turbine efficiency, ηs,T 90 % 
[23] 

Working Fluid Argon  
Maximum allowable temperature, Tmax 850 K 

[20] 
Minimum allowable temperature, Tmin 171 K 

[23] 
Maximum allowable pressure, pmax 20 MPa 

[23] 
Minimum allowable pressure, pmin 101.325 kPa  
Heat Source Fluid Water  
Source temperature, T7 303.15 K  
Minimum allowable temperature, T8,min 275.15 K  
Pressure, p7,8 101.325 kPa  
Heat Supply Fluid Hydrogen  
Initial temperature, T9 303.15 K  
Pressure, p9,10 101.325 kPa  
Heat Exchangers   
HT-HXU terminal temperature difference, ΔTterm,HT 15 K  
Recuperator terminal temperature difference, ΔTterm,re 5 K  
LT-HXU terminal temperature difference, ΔTterm,LT 5 K  
Maximum allowable pressure drop, Δpmax 10 kPa   

Table 2 
Turbomachinery cost models [35].  

Equipment unit Sizing factor X Purchasing cost ($) 2009 basis 

Compressor Shaft power (kW) 9,000X0.6 + 20,000 
Expander (turbine) Shaft power (kW) 9,000X0.69 + 40,000  
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lowest possible cost of heat, however it is necessary to ensure that the 
optimisation routines converge successfully. We address this separate 
optimisation of the heat pump and heat exchangers by examining the 
effects of recuperation rate and pressures on the total cost of heat. We 
also recognise that the heat pump modelling is relatively simplistic, 
however we believe that this simplicity is justifiable given the 
objectives. 

We minimise the cost of a given heat exchanger CHXU by solving the 
following optimisation problem: 

min
a,L,N

CHXU (23) 

subject to the constraints 

Δptube ≤ Δpmax (24)  

Δpshell ≤ Δpmax (25)  

2πaLN ≥
Q̇

UΔTLM
(26) 

where a is the tube inner radius (shown in Fig. 4), L is the tube length, 
N is the number of tubes, Δptube and Δpshell are the pressure drops inside 
and outside of the tubes, Δpmax is the maximum allowable pressure drop, 
Q̇ is the heat transfer rate across the heat exchanger, U is the overall heat 
transfer coefficient, and ΔTLM is the log mean temperature difference. In 
this work we set Δpmax = 10,000 Pa. 

We quantify the cost of the heat exchanger according to the mass of 
steel that is required. For a shell-and-tube heat exchanger comprising N 
steel tubes with density ρsteel, each with an inner radius of a, an outer 
radius of b, and a length of L, the mass of steel is given by 

msteel = π
(
b2 − a2)LNρsteel (27) 

Following the approach of Laughlin [20,28], the heat exchanger cost 
CHXU is then calculated by doubling the cost of steel 

CHXU = 2msteelCsteel (28) 

where Csteel is the cost of one kg of steel. In this paper we take the 
density and cost of stainless steel to be ρsteel = 7,900 kg/m3 [29,30] and 

Csteel = £2,500/tonne [31], respectively. We fix the tube outer radius to 
b = 1.25a and the tube pitch to d = 2.5b [20]. 

The constraints ensure that pressure drops are below a fixed value 
Δpmax on both the tube side and shell side, and that the heat transfer 
surface area requirement is met. 

Pressure drops on the two sides of the heat exchanger are calculated 
using the Darcy–Weisbach equation: 

Δp = LfD
ρ
2
〈v〉2

DH
(29) 

The fluid densities ρ are determined using CoolProp. When using 
CoolProp within the heat exchanger calculations, properties are deter-
mined at the bulk mean fluid temperature Tb = (Ti +Te)/2, where Ti and 
Te are the inlet and exit temperatures of the flow, respectively. The 
friction factor fD is determined using the Blasius correlation: 

fD =
0.3164
Re0.25 (30) 

where Re is the Reynolds number for the heat exchanger side of in-
terest (given further down). Hydraulic diameters for the two sides are 
given by 

DH,tube =
4Ac,tube

2πa
= 2a (31)  

DH,shell =
4Ac,shell

2πb
(32) 

where the tube-side and shell-side cross-sectional flow areas associ-
ated with each tube in a triangular layout of tubes are given by 

Ac,tube = πa2 (33)  

Ac,shell =
d2

̅̅̅
3

√

2
− πb2 (34) 

Mean flow velocity is calculated as 

〈v〉 =
(ṁ/N)

ρAc
(35) 

using the appropriate values of ṁ, ρ and Ac for the heat exchanger 
side of interest. 

The heat transfer surface area requirement is satisfied using the 
inequality constraint of equation (26), above. The log mean temperature 
difference is given by 

ΔTLM =
ΔTA − ΔTB

ln
(

ΔTA
ΔTB

) (36) 

where ΔTA is the temperature difference between the two streams at 
one end of the heat exchanger, and ΔTB is the temperature difference 
between the two streams at the other end. 

Reasonably assuming that the tube wall thickness is small and the 
thermal conductivity of the tube material is high, the overall heat 
transfer coefficient can be approximated by 

U ≈
1

1
hi
+ 1

ho

(37) 

where hi and ho are the convective heat transfer coefficients inside 
and outside the tubes, respectively. 

Convective heat transfer coefficients are derived using the relations 

hi =
kiNui

DH,tube
(38)  

ho =
koNuo

DH,shell
(39) 

where ki and ko are the thermal conductivities of the fluid inside and 

Fig. 4. Cross-section of the tube bundle inside a counter-flow shell-and-tube 
heat exchanger with triangular pitch, showing tube inner radius a, outer radius 
b, and pitch d, along with construction lines showing sections used to calculate 
shell-side cross-sectional flow area corresponding to each tube. 
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outside the tubes (determined using CoolProp) and Nui and Nuo are the 
Nusselt numbers of the flow inside and outside the tubes. 

The Nusselt number both inside and outside the tubes is determined 
assuming constant surface heat flux when the flow is laminar [32] and 
using the Gnielinski equation when the flow is turbulent [32,33]. Linear 
interpolation is used in the transitional flow region, as proposed by 
Gnielinski [34]. 

Nu =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

4.36,Re ≤ 2300

4.36 +
Re − 2300

4000 − 2300
(Nuturb − 4.36), 2300 < Re < 4000

Nuturb,Re ≥ 4000

(40) 

The Gnielinski equation for fully developed turbulent flow in smooth 
tubes is expressed as 

Nuturb =
(fD/8)(Re − 1000)Pr

1 + 12.7(fD/8)0.5( Pr2/3 − 1
) (41) 

Prandtl number Pr is determined using CoolProp. 
Reynolds number for the flow inside the tubes is given by 

Re =
VDH

ν =
2ṁi

μπaN
(42) 

where V is the fluid’s velocity, ν and μ are the fluid’s kinematic 
viscosity and dynamic viscosity, respectively, ṁi is the total mass flow 
rate of fluid passing through the tubes, and N is the number of tubes. 

Reynolds number for the shell flow is given by 

Re =
ṁoDH,shell

Ac,shellμN
(43) 

MATLAB’s fmincon function is used to find the heat exchanger pa-
rameters (a,L,N) that minimise the heat exchanger cost. 

While not required in the optimisation problem as laid out here, the 
diameter of the tube bundle is given by 

Dbundle = 2d
(

N
̅̅̅
3

√

2π

)0.5

(44)  

2.5. Turbomachinery 

We evaluate the cost of the turbomachinery using separate 
compressor and expander unit costs determined using the cost models 
developed by Morandin et al for the analysis of thermo-electric energy 
storage systems [35,36], provided in Table 2. We apply the cost models 
at shaft powers of 1 MW and convert from 2009 USD to 2022 GBP using 
an inflation rate of 1 USD in 2009 = 1.36 USD in 2022 [37] and a mid- 
2022 exchange rate of 1 USD = 0.84 GBP, resulting in compressor costs 
of £672/kW and expander costs of £1,254/kW. 

These costs are conservative when compared with recent estimations 
of gas turbine costs published by the UK government’s Department for 
Business, Energy & Industrial Strategy [38], which work out to be £780 
per kW of generation capacity. They are also conservative when 
compared with 2016 cost estimates for the complete charging system of 
Brayton-based pumped thermal electricity storage systems (reversible 
heat pump, motor-generator, and other system components such as 
insulation and controls), which range from €350/kW to €797/kW [39]. 

2.6. Levelised cost of heat 

The levelised cost of heat (LCOH) is the ratio of the total costs of 
building and operating the heat pump to the total amount of heat that is 
provided over its life, with both expressed in net present value terms. 
This is similar to the approach that is widely used to calculate levelised 
cost of electricity from generation technologies [38], and the approach 
to calculating levelised cost of electricity which the authors have pre-
viously used to evaluate the various options for green steel production 

[40]. Levelised cost of heat is given by 

LCOHHP =
NPVcosts

NPVheat
(45) 

For simplicity, we assume that all components of the heat pump 
(turbomachinery and heat exchangers) have equal lifetimes of nHP years. 
At a discount rate r, the net present value of the total costs is given by 

NPVcosts = CHT +CLT +Cregen +Cturb +Celec,yr

(
1 − (1 + r)− nHP

r

)

(46) 

where CHT is the cost of the high temperature heat exchanger, CLT is 
the cost of the low temperature heat exchanger, Cregen is the cost of the 
recuperator, Cturb is the cost of the turbomachinery, and Celec,yr is the 
yearly cost of electricity to power the heat pump (treated as an annuity 
in the discounting methodology). 

The net present value of the heat provided over the heat pump’s life 
is given by 

NPVheat = 8766Q̇HP

(
1 − (1 + r)− nHP

r

)

(47) 

where Q̇HP is the rate at which heat is provided by the heat pump. We 
assume that the heat pump operates continuously at full output. In this 
work we assume a discount rate r of 5% and a lifetime nHP of 30 years. 

2.7. Fuel savings 

To determine the percentage fuel saving that is achieved by pre-
heating a mixture of hydrogen and air, we must assume a given level of 
excess air. Disregarding carbon dioxide, argon, and the other trace gases, 
which together comprise less than 1% of air by volume, the combustion 
reaction is 

H2 + 0.5λH2 (O2 + 3.76N2)→H2O+ 0.5(λH2 − 1)O2 + 1.88λH2 N2 (48) 

where λH2 is the air–fuel equivalence ratio for hydrogen combustion 
in air. In this work we assume 10% excess air for hydrogen combustion 
and hence λH2 = 1.1. 

Assuming that the hydrogen/air mixture is preheated using the heat 
pump from T9 to T10, the preheat per mole of H2 is given by 

QH2 =
(
HH2@T10 − HH2@T9

)
+ 0.5λH2

(
HO2@T10 − HO2@T9

)

+ 1.88λH2

(
HN2@T10 − HN2@T9

) (49) 

where Hi is the molar enthalpy of species i at the given temperature, 
calculated using CoolProp. A lower limit on the fractional fuel saving ϕH2 

is then given by 

ϕH2
=

QH2

LHVH2

(50) 

where LHVH2 is the lower heating value of one mole of H2 (242 kJ/ 
mol [41]). The lower heating value would not be achieved in reality as 
the reaction products would not all be returned to 25 ◦C (e.g., to ensure 
buoyancy of the nitric oxide-containing waste gases and hence sufficient 
dispersion from a stack), and so the denominator of this equation would 
be lower, increasing the percentage fuel saving over that calculated 
here. 

When considering methane combustion, we assume a slightly higher 
excess air of 15% due to methane’s lower flammability limit [42], and 
hence use λCH4 = 1.15. The combustion reaction, preheat per mole of 
CH4, and fractional fuel saving are then given by 

H2 + 2λCH4 (O2 + 3.76N2)→H2O+ 2(λCH4 − 1)O2 + 7.52λCH4 N2 (51)  

QCH4 =
(
HCH4@T10 − HCH4@T9

)
+ 2λCH4

(
HO2@T10 − HO2@T9

)

+ 7.52λCH4

(
HN2@T10 − HN2@T9

) (52)  
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ϕCH4
=

QCH4

LHVCH4

(53) 

For LHVCH4 we use 802 kJ/mol [41]. We also consider oxy-fuel 
combustion [43] by removing the N2 components from the equations, 
using the same air–fuel equivalence ratios given above. 

Parameters relevant to the heat exchanger design, electrolysis, 
combustion, and economic analysis are given in Table 3. 

2.8. Cost of heat from electrolytic hydrogen and heat pumps 

To understand the economics of using heat pumps within low carbon 
industrial heating systems, we assess the hydrogen fuel cost savings 
achieved by including a reverse Joule-Brayton heat pump in an indus-
trial process heating system based on combustion of electrolytic 
hydrogen (e.g., green hydrogen). This is accomplished using the frac-
tional fuel saving ϕH2

, recognising that for every kWh of heat delivered 
by the system, 

(
1 − ϕH2

)
kWh of heat is provided by the combustion of 

hydrogen and ϕH2 
kWh of heat is provided by the heat pump. The lev-

elised cost of providing heat via electrolytic hydrogen with heat pump 
preheating is given by 

LCOHH2+HP =
(
1 − ϕH2

)
LCOHH2 +ϕH2

LCOHHP (54) 

The levelised cost of hydrogen is determined as 

LCOHH2 =
NPVcosts,£/kW

NPVH2 ,kWh/kW
(55) 

The net present values are calculated using 

NPVcosts,£/kW = NPVelectrolyser,£/kW + 8766fload
Celec,£/kWh

ηelectrolyser

(
1 − (1 + r)− nap

r

)

(56)  

NPVH2 ,kWh/kW = 8766fload

(
1 − (1 + r)− nap

r

)

(57) 

where ηelectrolyser and fload are the electrolyser efficiency and load fac-
tor, respectively, and nap is the length of the analysis period in years. As 
shown in Table 3, we assume an efficiency of 72 % [8,41], load factor of 
1, and 30-year analysis period. We also assume an electrolyser lifetime 
nel of 10 years. NPVelectrolyser,£/kW is calculated accounting for investment 
every time the electrolyser reaches end of life and recuperation of any 
salvage value at the end of the analysis period, assuming that salvage 
value reduces linearly to zero over the electrolyser’s life. A range of 
electrolyser capital costs are used in the analysis. 

The fractional cost saving from including the heat pump in the sys-
tem is then given by 

θ = 1 −
LCOHH2+HP

LCOHH2

(58)  

3. Results 

3.1. Heat pump performance 

The coefficient of performance (COP) and coefficient of exergetic 
performance (COEP) are shown against recuperation rate and temper-
ature for an argon heat pump in Fig. 5 and Fig. 6. COP generally de-
creases as temperature and recuperation rate are increased. By contrast, 
COEP tends to increase with temperature and recuperation rate. Recu-
peration is a requirement at higher temperatures to ensure that the 
turbine outlet temperature does not drop below the minimum allowable 
temperature (set to 20 ◦C above the critical point of argon) and cause 
condensation in the turbine. 

By way of validation, COP can be compared with that of the Carnot 
heat pump, given by COPHP,Carnot = 1/(1 − TL/TH) [45], ensuring that 
COP is below that of the Carnot heat pump in all cases. It is found that 
second-law efficiency ranges from 78 % at 300 ◦C up to 87 % at 500 ◦C. 
These values are relatively high compared with those for vapor- 
compression heat pumps, but the presence of the turbine here (instead 
of the expansion valve found in vapor-compression heat pumps, which 
operate over lower temperature ranges and hence lower pressure 
ranges) reduces both exergy destruction and net power input. 

Pressure ratio across the heat pump and the fraction of compressor 
work that is met by the turbine are shown in Fig. 7 and Fig. 8. Pressure 
ratio increases with temperature, and recuperation serves to reduce the 
pressure ratio. At the temperatures considered here, the turbine gener-
ally meets 30%-40% of the compressor load, highlighting the impor-
tance of using a turbine rather than an expansion valve. 

Example heat exchanger details are provided in Table 4, for a 500 ◦C 

Table 3 
Parameters used in heat exchanger design and economic analysis.  

Heat Pump   

Life, nHP 30 yrs 
[20,38] 

Compressor cost, Ccomp £672/kW 
[35,36] 

Expander cost, Cexp £1,254/kW 
[35,36] 

Heat Exchangers   
Stainless steel cost, Csteel £2,500/ 

tonne [31] 

Stainless steel density, ρsteel 7,900 kg/m3 

[29,30] 
Minimum allowable tube inner radius, a 1.5 mm 

[20] 
Tube radius ratio, b/a 1.25 

[20] 
Tube pitch ratio, d/b 2.5 

[20] 
Electrolyser   
Life, nel 10 yrs 

[41] 
Efficiency, ηelectrolyser 72 % 

[8,41] 
Load factor, fload 1  
Combustion   
Air-fuel equivalence ratio for hydrogen combustion, λH2 1.10  
Air-fuel equivalence ratio for methane combustion, λCH4 1.15  
Lower heating value of hydrogen, LHVH2 242 kJ/mol 

[44] 
Lower heating value of methane, LHVCH4 802 kJ/mol 

[44] 
Other   
Length of analysis period, nap 30 yrs  
Discount rate, r 5 %   Fig. 5. Coefficient of performance for an argon heat pump.  
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heat pump with recuperation rate of 0.2. The largest surface area is in 
the recuperator, even at the relatively low recuperation rate used. 

3.2. Levelised cost of heat 

At an electricity price of £50/MWh, the levelised cost of heat is 
shown against recuperation rate and temperature in Fig. 9, and elec-
tricity’s share of the total levelised system cost is shown in Fig. 10. The 
levelised cost of heat is minimised by using the lowest possible level of 
recuperation, and ranges between 3.9p and 4.3p per kWh at the tem-
peratures investigated here. This is lower than the UK government’s 
recent projections of hydrogen cost out to 2050 (5p-7p/kWh for gas 
reforming with CCS and 4p-20p/kWh for electrolysis) [46]. These re-
sults indicate that very high temperature reverse Joule-Brayton cycle 
heat pumps could provide cost savings to industry by reducing hydrogen 
requirements, even though their coefficient of performance is relatively 
low when compared with domestic heat pumps. 

At an electricity price of £50/MWh, electricity costs comprise 
76–81% of the total levelised system costs when low levels of recuper-
ation are used, making COP the main driver of the cost of heat. 

3.3. Potential fuel savings from preheating 

It is anticipated that heat pumps could be used to preheat gases for 
industrial furnaces, and that green hydrogen may be used as the fuel for 
these furnaces in future. Preheating the burner gases serves to reduce 
fuel requirements, and the percentage fuel saving is shown against 
preheat temperature for both hydrogen and methane in Fig. 11, 

Fig. 6. Coefficient of exergetic performance for an argon heat pump.  

Fig. 7. Pressure ratio across an argon heat pump.  

Fig. 8. Fraction of compressor work that is met by the turbine for an argon 
heat pump. 

Table 4 
Heat exchanger parameters for a 1 MW 500 ◦C argon heat pump with recuper-
ation rate of 0.2.  

1 MW @ 500 ◦C Recuperator High temperature 
HXU 

Low temperature 
HXU 

Tube inner 
radius,a 

1.5 mm 1.5 mm 1.5 mm 

Tube radius 
ratio, b/a 

1.25 1.25 1.25 

Tube pitch ratio, 
d/b 

2.5 2.5 2.5 

Tube length, L 3.26 m 1 m 1 m 
Number of tubes, 

N 
10,000 59,898 50,331 

Surface area, As 6,153 m2 1,129 m2 949 m2  

Fig. 9. Cost of heat from an argon heat pump at an electricity price of 
£50/MWh. 
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considering both air and pure oxygen as the oxidant (with the latter 
approximating oxy-fuel combustion). The fuel savings that could be 
achieved through preheating to the temperatures considered here are 
significant, at over 20% for both hydrogen and methane when preheated 
to 500 ◦C prior to combustion in air. 

Reducing hydrogen requirements consequently reduces the re-
quirements for low carbon power generation capacity, electrolysers, and 
energy storage. Process heat accounts for three-quarters of industrial 
energy use, and roughly half of this is at temperatures>400 ◦C, ac-
counting for around 11% of global energy demand [2]. Therefore the 
potential for reducing the energy system requirements through the 
application of high temperature heat pumps in low carbon process 
heating is significant. Across Europe, the total demand for industrial 
process heat at temperatures above 500 ◦C was 999 TWh in 2015 [47]. 
Therefore very high temperature heat pump preheating could poten-
tially reduce European industrial energy demands by approximately 200 
TWh per year. In the UK, the potential demand reduction is approxi-
mately 40 TWh/yr. 

3.4. Cost savings in combustion of electrolytic hydrogen 

At a recuperation rate of 0.2, the cost of hydrogen electrolysis and 
combustion in air when incorporating a reverse Joule-Brayton heat 
pump to preheat to 300 ◦C and 500 ◦C is shown over a range of elec-
tricity prices and electrolyser capital costs in Fig. 12, along with the 
percentage cost savings achieved through the addition of the heat pump. 
The cost savings achieved by preheating to 500 ◦C are also shown 
against hydrogen cost in Fig. 13, where hydrogen cost is a function of 
electrolyser capital cost and electricity price varying over the same 
range as in Fig. 12. 

Higher cost savings are achieved by preheating to 500 ◦C rather than 
300 ◦C. For a given combination of electrolyser capex and electricity 
price, the relationship between relative cost saving and temperature is 
found to be linear over the 300 ◦C to 500 ◦C temperature range. Adding a 
reverse Joule-Brayton heat pump to a green hydrogen-based heating 
system provides cost savings when electricity prices exceed around £5/ 
MWh. At electricity prices above £30/MWh and electrolyser costs above 
£400/kW, cost savings exceed 5% when preheating to 300 ◦C and 8% 
when preheating to 500 ◦C. In the latter case, savings in the UK would 
currently be around 10%, and based on recent UK government estimates 
of the future costs of electricity generation and electrolysers, savings can 
be expected to exceed 8% out to at least 2050 [38,46]. It has also been 
found that increasing the discount rate from 5% to 7% and reducing the 
heat pump life from 30 years to 25 years only reduces the savings to ~ 
7%. 

While not shown here, it is found that increasing the heat exchanger 
terminal temperature differences tends to increase the heat transfer 
surface area requirement and reduce the COP, thus reducing cost sav-
ings. However, these changes are relatively small (particularly the COP 
reduction) and so they have little effect on the relative cost saving, with 
capital costs comprising a relatively small proportion of the total cost of 
heat as demonstrated by Fig. 10. 

3.5. Cost comparison with electric boilers 

To understand the cost of heating with reverse Joule-Brayton heat 
pumps relative to electric boilers, the levelised cost of heat from 
hydrogen combustion in air with electric boiler preheating has been 
determined and compared with that from heat pump preheating, as 
shown in Fig. 14. This is based on electric boiler capex and efficiency 
projections of £113/kW and 98% [48], respectively. Heat pumps 
become a lower cost option than electric boilers at electricity prices 
above approximately £25/MWh, with cost savings of over 4% at the very 
high electricity prices seen in the UK in 2022 (around £180/MWh in Q1 
2022 [49]). 

4. Discussion 

4.1. Coefficient of performance 

The results presented above clearly show that using reverse Joule- 
Brayton heat pumps to preheat hydrogen prior to combustion has the 
potential to provide meaningful reductions in the cost of low-carbon 
industrial process heat. This is in spite of what appear to be very low 
coefficients of performance for heat pumps: 1.7 when preheating to 
300 ◦C, dropping to 1.4 at 500 ◦C. This suggests a clear avenue for future 
research into the economics of heat pumps and other competing classes 
of preheating systems (such as resistance heating). 

Heat pumps of the type investigated here feature compressors, ex-
panders, motors, and several heat exchangers; this is clearly a much 
more complex system than one based on resistance heaters. However, 
our cost breakdown (Fig. 10) indicates that electricity accounts for a 
considerable share of the total levelised cost of heat, and so such 
complexity may be acceptable on the basis that electricity demands for 
preheating could be reduced by 25%-45% when using heat pumps 

Fig. 10. Electricity’s share of total levelised cost for an argon heat pump at an 
electricity price of £50/MWh. 

Fig. 11. Fuel saving for hydrogen and methane combustion achieved through 
preheating from 25 ◦C. 
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instead of resistance heaters to preheat to the temperatures considered 
here. 

Moreover, none of the components in Joule-Brayton heat pumps are 
unproven. Turbomachinery and heat exchangers are widely used in the 
power generation, aviation, and manufacturing industries, and seawater 
heat exchangers are used in the maritime and nuclear industries. 

4.2. Working fluid 

In this work we have focused on argon as the working fluid. Argon is 
a monatomic gas, increasing in temperature significantly when pres-
surised, and so has been considered by many researchers for pumped 
thermal electricity storage (PTES) systems [16]. Other gases have also 

Fig. 12. Effect on the cost of heat from hydrogen combustion from using reverse Joule-Brayton heat pumps to preheat to a) 300 ◦C and b) 500 ◦C. Recuperation rate 
of 0.2. 
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been proposed for PTES systems, including air [50], nitrogen [51], 
hydrogen [52], helium [53,54], and neon [54]. Recent research by 
Wang et al has shown that helium exhibits lower resistance losses than 
argon in heat exchangers and thermal storage units [53], and so achieves 
greater round-trip storage efficiencies. Substituting argon with neon in 
our heat pump analysis leads to slight increases in coefficient of per-
formance and additional cost savings. However, the differences are 
small, in the region of 1%. The advantages and disadvantages of 
candidate working fluids for reverse Joule-Brayton heat pumps should 
be considered in more detail in future research. 

4.3. Potential to integrate thermal energy storage 

The motivation for this research stems in-part from recent efforts to 
advance the field of thermo-mechanical energy storage, particularly 
pumped thermal electricity storage (within the wider class of thermo- 
mechanical energy storage systems known as “Carnot batteries” [16]). 
Within PTES systems, Brayton-based systems (also known as “Brayton 
batteries” [20]) share many similarities with the heat pump proposed 

here. Several Brayton-based PTES systems have been proposed with 
upper temperatures exceeding 500 ◦C [19,55]. PTES system designs 
typically feature two thermal energy storage units (one hot store and one 
cold store), and systems have been proposed based on both sensible heat 
storage and latent heat storage [56]. In the design developed by Isen-
tropic Ltd. and others in the UK, the hot and cold stores operate at 
temperatures of around 500 ◦C and − 160 ◦C respectively [17]. 

For high temperature storage, solid materials are generally consid-
ered over liquids, to avoid issues of phase change and thermal degra-
dation. Vertical packed beds of crushed rock (e.g., basalt, quartz, 
magnetite, etc.) have been investigated and trialled as storage units by 
many researchers, with thermoclines being developed by passing the 
working fluid from top-to-bottom in the hot store and from bottom-to- 
top in the cold store (though horizontal flow and radial flow packed 
beds have also been investigated [57,58]). Developments of these sys-
tems include layers of different sized storage material [59] and seg-
mentation of the packed bed to minimise exergy losses [60]. To avoid a 
pressurised hot store, coupled systems have also been proposed whereby 
the heat/coolth is passed out of the working fluid into separate circuits 
via heat exchangers [18]. Concrete has been considered for high tem-
perature TES coupled with concentrated solar power, and proven at 
temperatures up to 400 ◦C [61–63], and sand is being used as a TES 
medium in Finland [64]. Multi-tank storage systems have also been 
proposed for high temperature thermal energy storage, in which a par-
ticulate storage material is moved from ambient temperature tanks into 
high/low temperature tanks [65,66]. 

The heat pump proposed here is effectively very similar to the 
Brayton-based PTES system proposed by several researchers [18,25] 
operating in charge mode and with heat transfer out of the environment 
and into an industrial plant instead of out of a cold store and into a hot 
store. As such, a modification of the heat pump could be envisaged 
whereby a hot or cold store can be charged or discharged as required, 
such as to take advantage of peak and off-peak electricity pricing. In one 
configuration, shown in Fig. 15, a hot store might be located on the low 
pressure side of the high temperature heat exchanger (thus avoiding 
costs associated with pressure that would be incurred if located on the 
high pressure side), arranged such that flow through the store can be in 

Fig. 13. Percentage saving on cost of hydrogen for air-fired combustion, 
through hydrogen preheating to 500 ◦C using reverse Joule-Brayton heat 
pumps. Recuperation rate of 0.2. 

Fig. 14. Percentage cost saving from using heat pump preheating instead of 
electric boiler preheating (to 500 ◦C) prior to hydrogen/air combustion, over a 
range of electrolyser capital costs and electricity prices. 

Fig. 15. Modified version of the reverse Joule-Brayton heat pump with the 
addition of thermal energy storage to improve operational flexibility. 
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either direction with variable flow rates. This would allow the storage 
unit to be charged or discharged at variable rates. Alternatively or 
additionally, a cold store could be incorporated in the system, for 
example coupled to the outlet of the expander. Further research is 
needed to investigate the techno-economics of thermal energy storage 
within industrial process heating systems. Waste materials from indus-
trial processes could potentially be used as thermal energy storage 
media, such as slag from iron and steel production [67,68]. Unlike 
battery storage, thermal energy storage systems have low costs per unit 
of storage capacity (e.g., <€10/kWh [21]), long storage lifetimes, and 
little to no degradation of the storage or loss of capacity over the sys-
tem’s life. 

A cost-benefit analysis of integrated thermal energy storage is 
deemed beyond the scope of the present work but is worthy of investi-
gation in future. Such analysis could be performed using time series data 
on electricity prices or renewables availabilities. 

5. Conclusions 

In this work we have investigated the techno-economics of reverse 
Joule-Brayton cycle heat pumps as a means of providing very high 
temperature preheating for industrial process heat, considering preheat 
temperatures of up to 500 ◦C. While the coefficient of performance of 
these heat pumps is relatively low, in the region of 1.4–1.7 over the 
300–500 ◦C temperature range, they can provide meaningful reductions 
in the levelised cost of heat from hydrogen and natural gas by preheating 
the combustion gases. Based on current and expected future costs of 
electrolysers and power generation, it is estimated that cost savings from 
using these heat pumps to preheat electrolytic hydrogen prior to com-
bustion could be in the region of 10% out to at least 2050. 

Heat pumps also appear to be a lower cost preheating option than 
electric boilers at electricity prices above around £25/MWh, with lev-
elised cost savings on the electric boiler option reaching approximately 
4% at electricity prices above £130/MWh, however whether the savings 
from using heat pumps outweigh their added complexity requires 
further investigation and should be considered on an application- 
specific basis. 

Heat pump preheating reduces the electricity and natural gas de-
mands of hydrogen-based heating systems, thus reducing capacity re-
quirements for renewables, nuclear, electrolysers, gas reformers, and 
energy storage. We estimate that preheating hydrogen to 500 ◦C prior to 
combustion could reduce hydrogen fuel requirements by over 20%, 
potentially reducing European high temperature process heating de-
mands by around 200 TWh per year. 

Reverse Joule-Brayton heat pumps use existing technologies and 
components from several areas of industry, including power generation 
and manufacturing, and they can benefit from the development of 
pumped thermal electricity storage technologies, with which they share 
several key features. The commercial deployment of heat pumps as high 
temperature preheaters rests on further development of turbomachinery 
and large-scale heat exchangers, along with demonstration at compo-
nent and system level, however our early indications suggest that the 
potential to reduce costs and greenhouse gas emissions is considerable. 
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