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Introduction  

As greenhouse gas emissions from fossil fuel combustion are one of the main factors for global warming, 

the EU has imposed policies and regulations on climate and energy [1]. In the 2030's climate and energy 

framework, the goal is set to 40% reduction in greenhouse gas emissions from the level of those in 1990 

[2]. Denmark has even more ambitious targets. The Energy Strategy of 2050 aims at Denmark being 

completely independent from fossil fuels [3]. For that reason, continuous research is ongoing for the 

removal and replacement of fossil fuels.   

The share of renewable energy technologies in the energy mix has increased over the past years, mainly 

in electricity production. Society is gradually moving towards a future with electrified systems based on 

renewable sources. Concerning heat production, heat pumps are a highly attractive for electrification, 

which could substitute fossil fuels based boilers and furnaces. On an industrial level, there is a large 

demand in heat in high temperatures over 100 °C, which designates the potential of integration of High-

Temperature Heat Pumps (HTHPs) [4]. Because of high temperature lifts accompanied with high 

temperature applications, the energetic performance of heat pumps deteriorates. Therefore, HTHPs 

could be considered in combination with large shares of renewable electricity sources. The renewables 

enable low levelized cost of electricity, which would improve the economic feasibility of the heat pump 

system. 

In this study, the potential of a HTHP project is evaluated from a technoeconomic perspective when 

coupled with renewable electricity sources and thermal storage. Through optimization, the capacities of 

the considered technologies are determined, and the project is compared with conventional combustion 

technologies and electric boilers [5]. The concept is applied to the case study of an oil refinery and 

conclusions were extracted for such an industry.    

Case Study  

Crude Oil preheat trains are designed to reduce energy in terms of fuel combustion. Petroleum recovered 

from a reservoir is, at first, desalted and then heated in preheat Heat Exchanger Network (HEN). In a 

series of heat exchangers, heat from distillation cuts is transferred to crude oil, which is then heated in 

the Atmospheric Distillation Unit (ADU) furnace to a temperature close to 360 °C before it enters a 
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fractionating column operating close to atmospheric pressure, wherein fractions with different boiling 

points are separated off. The remnants of atmospheric distillation are further heated and distilled in 

vacuum [6].  

In this project, the furnace before the ADU is to be replaced with HTHPs leading to partwise 

electrification of the crude preheat train process and the removal of its most polluting components. The 

revamping of the heating process of crude is considered to be applied to an already retrofitted site, from 

where three crude oil and several distillation fraction streams were extracted and comprised subjects of 

the sink and source side of the heat pumps respectively [7]. 

Methods 

Heat Pump Integration Scenarios 

For heat pump integration, alternative cases were distinguished and investigated. Two following 

scenarios were formulated; the crude is heated to the (1) desired temperature (≈360 °C, 34.4 MW) and 

(2) to a lower temperature (=300 °C, 16.96 MW) before it enters the ADU. The latter is formulated as 

lower temperature lifts will result on a better energetic performance and additionally the temperature at 

the outlet of the compressor is going to be lower. Also, heat exchangers are more susceptible in fouling 

as crude is heated in higher temperatures [8]. 

For each scenario stated, different sub-scenarios were created, depending on the number of heat pumps 

and how they are integrated in order to transfer heat from distillation cuts to the crude. In sub-scenario 

‘A’, one heat pump is integrated, where heat is supplied indirectly from fractions to crude. Through a 

HEN distillation, fractions increase the temperature of a heat transfer medium that acts as source in the 

HTHP. On the sink side, heat is received from another heat transfer medium and is then applied to the 

crude streams through another HEN. The chosen Heat Transfer Fluids (HTFs) were mineral oil for 

source and solar salt for sink, as they are considered to be relatively cheap and stable at the temperature 

levels studied [9]. In sub-scenario ‘B’, there are three heat pumps, a distillation fraction stream acts as 

source at each HTHP and the heat is applied at the sink immediately to the crude. Lastly, ‘C’ is similar 

to ‘B’. There are six heat pumps and the crude streams are divided before they enter the HTHPs, where 

distillation fraction streams act as source.     

Reversed Brayton Cycle 

Because of high temperature lifts, there is a high-pressure ratio in HTHPs. That enables the mounting 

of a turbine in the expansion process so that work is recovered. For the recovered work to be utilized, 

the turbine is mounted on the same shaft as the compressor. The cycle will operate at supercritical 

conditions to ensure gas phase of the working fluid. R-744 was chosen, as it is a natural refrigerant with 

stable operation at required temperatures that also has good heat transfer properties. In the cycle there 

is also an Internal Heat Exchanger (IHX) which ensures that the working fluid is at appropriate 

temperature levels to receive and deliver heat at the source and sink respectively. 

The HTHPs were designed assuming the isentropic efficiency of the compressor and turbine, as well as 

the pinch temperature at the source and sink, while the Coefficient Of Performance (COP) was 

optimized. For optimization of the COP the decision variables were the low and high pressure of the 

cycle and the degrees of superheat after the expansion process [10]. 

Heat Storage Integration 

Due to very large requirements in heat demand in industrial sector that could be covered by HTHPs, 

there could be potential on dimensioning the heat pump in an increased capacity and couple it with a 
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heat storage system in order to benefit from the time variance of electricity prices. For this integration, 

a two-tank configuration was considered in both source- and sink-side. 

This would only be applicable in sub-scenario ‘A’, where heat is transferred from distillation cuts to 

crude through HENs. As the HTHP operates at levels above the heat demand requirements, part of mass-

flow of HTFs will flow through the HENs to cover the demand, while the rest will accumulate on the 

Low-Temperature (LT) and High-Temperature (HT) tanks on the source and sink side, respectively. If 

the HTHP operates at levels below heat demand, HTF will flow from the aforementioned tanks to the 

HEN and then back to the HT and LT tanks of the source- and sink-side. 

Energy Mix Optimization 

Cost models were developed concerning reversed Brayton cycles, wind turbines, photovoltaics and heat 

storage and were combined with weather data and electricity prices from grid time series in order to 

formulate the optimization problem. The problem was of linear programming and was implemented in 

GAMS software [10]. Aim of the programming was the minimization of Levelized Cost of Heat 

(LCOH), while the optimum capacities of the considered technologies were determined.   

Results 

The average optimized COP of HTHPs for each scenario and their respective sub-scenarios are depicted 

in Figure 1. The COP is rather low due to high temperature lifts. The sub-scenarios including more heat 

pumps most likely designate higher COP, because of better utilization of high temperature distillation 

fraction streams.  

 
Figure 1. Average optimized COP of Sub-Scenarios 

Although the COP is higher in these cases, after optimization of the energy mix capacities and the 

extraction of the LCOH, the tendencies are different. Due to economy of scale, introducing more heat 

pumps will lead to higher investment costs and the LCOH of Sub-scenario ‘A’ is lower, even though 

there are additional costs for the HENs. As that, only sub-scenarios ‘A’ were selected for further 

investigation. The LCOH values are depicted in Figure 2.  
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Figure 2. LCOH comparison between sub-scenarios 

A comparison of the LCOH of the chosen configuration for each scenario with conventional 

technologies could be observed in Figure 3. The LCOH will fluctuate between 44 €/MWh and 

46 €/MWh, indicating that a LCOH higher than that value for conventional technology will result to a 

feasible HTHP project. According to those, HTHPs are economically superior to electric and biogas 

boilers. Although the former may have low investment, it has worse economic performance due to larger 

electricity consumption, while the latter has very high prices for procurement. The LCOH of natural gas 

and biomass is of lower value, indicating economic inferiority of HTHPs even when considering the 

Energy Savings Scheme in Denmark as subsidy [12]. 

 

Figure 3. LCOH of HTHPs with and without subsidy and of conventional technologies 

Yet, considering projected increases in both biomass and natural gas prices and taxation, in the future 

there is potential of HTHPs to become more competitive and viable. 
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The aforementioned results refer to an optimized energy mix. For each scenario the capacities are given 

in Table 1 and Table 2, along with the COP and the renewable penetration. Wind turbines are chosen in 

both scenarios and they are coupled with heat storage is scenario 1 and with PVs in scenario 2.  

Table 1. Optimal Energy Mix for scenario 1A Table 2. Optimal Energy Mix for scenario 2A 

Conclusions 

This work analysed the techno-economic feasibility of reversed Brayton cycles in an oil refinery and it 

was concluded that configurations with higher amount of heat pumps introduced high investments and 

resulted in worse economic performance in terms of economic feasibility. The energy technologies 

mixture optimization designated that all considered technologies are eligible for application. Wind 

turbines consist a permanent choice of optimization algorithm, while the choice of heat storage was very 

much dependent on the COP and the heat demand. PVs consisted mostly a filler option to wind turbines. 

HTHPs were demonstrated to be superior to electric and biogas boilers, but the contrary when compared 

to biomass and natural gas boilers. Although they seem not that competitive to those boilers, cost 

projection of these fuels points that HTHPs would be more viable in the future. 
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Greenhouse gas emissions are one of the main factors for glob-
al warming. Denmark contemplates to be a future completely 
independent of fossil fuels by 2050. For replacement of fossil 
fuel technologies, heat pumps consist an attractive alternative 
as they can be efficiently operated with renewable electricity. 
The demand on high temperature heat in industries necessi-
tates focus on research in the field of High-Temperature Heat 
Pumps (HTHPs). 

OBJECTIVE
The evaluation and optimization of a concept of HTHPs 
operating with a combination of renewable electricity sources 
to replace current fossil fuel furnaces in an oil refinery.

APPROACH
Wind turbines and photovoltaics (PVs) along with the grid were 
considered to supply electricity to HTHPs, combined with heat 
storage, which could allocate electricity consumption to time 
steps where it is cheaper.  

Oil and gas industry is very energy consuming since large 
amounts of heat are needed to increase the temperature of 
crude oil in high levels for the distillation to happen. Before 
atmospheric distillation, crude is heated in a furnace. Aim of 
the study was the replacement of the furnace before ADU with 
HTHPs.
Three crude oil streams, to be heated, were subject of the source 
side and several distillation fraction streams were identified to 
provide heat at the source side.
The crude oil and distillation fraction streams were selected 
after a retrofit was applied to preheat network. 

Large temperature lift leads to high pressure ratios. There is 
potential in mounting a turbine in the same shaft as com-
pressor and recover work in the expansion process.
The Internal Heat Exchanger (IHX) exists so that the work-
ing fluid is at the appropriate temperature levels to receive 
or extract heat at the source and sink respectively.
R744 is utilized as refrigerant. Natural refrigerant with stable 
operation in transcritical conditions and good heat transfer 
properties.
Coefficient of Performance is optimized with low and high 
pressure and degrees of superheat after expansion as deci-
sion variables.

Two tank storage configuration on both source and sink side 
with a low and high temperature tank.
Applicable in Sub-Scenario A only where there are heat 
transfer mediums on each side.
For heat storage integration, the heat pump should have 
capacity higher than the nominal requirements in heat de-
mand.

Configurations with higher 
number of heat pumps inro-
duced high investments and re-
sulted in worse economic per-
formance. 

Wind turbines, PVs and heat 
storage are all eligible for appli-
cation in HTHP project when 
aiming in feasibility index opti-
mization. 

HTHPs were designated to be 
superior to electric and biogas 
boilers, but the analysis showed 
them to be inferior to natural gas 
and biomass boilers. Expected 
future increases, though in both 
these fuels indicate that HTHP 
projects would be more viable 
in the future. 

For an optimized average COP, configurations 
with more heat pumps may provide a better 
COP.
Sub-Scenarios A, meaning only one heat 
pump, have the lowest LCOH and only those 
were further investigated. HTHPs were found 
to be economic superior to biogas and elec-
tric boilers, but demonstrated worse econom-
ic performance in comparison with biomass 
and natural gas.
The two scenarios designated a different opti-
mal energy mix. Wind turbines were chosen 
in both cases. Heat storage is chosen as the ra-
tio of heat demand to COP is getting larger. 
Photovoltaics consist a filler option.

OBJECTIVE Maximization of feasibility index/Minimization of 
Levelized Cost of Heat (LCOH).

Optimum capacities of wind turbines, PVs, HTHPs 
and heat storage.
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