
 

 
Journal of Sustainable Development of Energy, Water 

and Environment Systems 
 

http://www.sdewes.org/jsdewes 
 

Year 2023, Volume 11, Issue 3, 1110444 
 

    1 

Journal of Sustainable Development
of Energy, Water and Environment

Systems

ISSN 1848-9257

h�p s://www.sd e we s.o rg/jsd e we s

Original Research Article 

Assessment of Energy Efficiency and Flexibility Measures in Electrified 
Process Heat Generation Based on Simulations in the Animal Feed 

Industry 

 
L. Knorr*, F. Schlosser, H. Meschede 

Faculty of Computer Science, Electrical Engineering and Mathematics 
Energy System Technologies 

Paderborn University, Warburger Str. 100, 33098 Paderborn, Germany 
e-mail: lukas.knorr@upb.de 

 
Cite as: Knorr, L., Schlosser, F., Meschede, H., Assessment of Energy Efficiency and Flexibility Measures in Electrified 
Process Heat Generation Based on Simulations in the Animal Feed Industry, J.sustain. dev. energy water environ. syst., 

11(3), 1110444, 2023, DOI: https://doi.org/10.13044/j.sdewes.d11.0444 
 

ABSTRACT 
Integrating renewable energy and increasing energy efficiency in generating heat offers the 
chance to reduce energy consumption and emissions in the industry. One possible solution is 
the electrification of processes, where the challenge is the fluctuation of renewable energy. At 
the same time, heat pumps can reduce energy demand but leave little opportunity for flexible 
operation when optimally integrated. Electric boilers can be operated in a much more grid-
serving manner. Still, they are less efficient. Different electrification strategies are simulated 
and compared with a gas boiler using pinch analysis and Mixed Integer Linear Programming 
optimisation. At the electricity-gas price ratio considered, electrification increases costs between 
26% and 176% while saving up to 39% emissions. By combining flexibility and energy 
efficiency, the best results could be achieved. They can become economically competitive in the 
future with a lower electricity-to-gas price ratio and decreasing investment costs. 
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INTRODUCTION 
A future sustainable energy system will be based on renewable energy sources (RES), 

mainly wind and solar [1]. Due to the volatile nature of these resources, energy storage and 
flexible demand will become critical to meeting energy needs. In addition, sector coupling, i.e., 
linking electricity, heat, gas, or transport, can be a way to use renewable energy sources for 
previously non-electrified processes such as heat supply via natural gas boilers. In this context, 
electricity from renewable energy sources becomes the primary energy instead of fossil fuels. 
Therefore, sector coupling is another important step towards defossilising all energy use [2]. 
At the same time, a sustainable energy system also includes the efficient use of energy to limit 
resource consumption (land, metals, water, etc.) as much as possible [3]. 

In terms of energy needs, a high amount of energy is used to provide heat – for room heating, 
domestic hot water, and process heating. For example, in Germany, more than 60% of the final 
energy demand in the industry is caused by process heating [4], whereby the term process heat 
here includes different requirements concerning the temperature or the type of provision. In 
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recent studies, the defossilisation of industrial process heat has become of more interest [5]. In 
this context, Wei et al. show the potential of direct electrification [6], while Neuwirth et al. 
focus on indirect electrification via hydrogen [7]. Bühler et al. analyse the impact of such a 
defossilised industry sector in Denmark [8]. Thus, the choice of a heating system impacts the 
design of the energy supply system. Selleneit et al. [9] introduced an approach for assessing 
industrial utilities in terms of their suitability for integrating variable renewable energies 
regarding fourteen property characteristics in the four categories energy efficiency, reaction 
ability, performance ability and demand adaptability. 

Electrified processes can increase system efficiency with the ongoing energy transition and 
the increased expansion of renewable energies. Firstly, by reducing energy demand through 
greater efficiency and, secondly, by responding flexibly to energy peaks and troughs. However, 
both goals can conflict with each other. Heat pumps are a great lever to defossilise the process 
heat supply because they use environmental or industrial waste heat and can use renewable 
electricity. Heat pumps available on the market can reach sink temperatures of up to 160 °C 
[10]. Selleneit et al. [11] conclude that a heat pump scored slightly better than an electrode 
boiler concerning the approach presented in [9]. In terms of energy efficiency, the heat pump 
is more convincing. As the target temperature rises [12] and the variability of the heat sink and 
heat source increases [13], the flexible properties of the electric boiler may outweigh those of 
the heat pump. Walden et al. [14] compared the cost-optimised use of a high-temperature heat 
pump to an electric boiler (EB), both in combination with thermal energy storage (TES), for 
the consumption of fluctuating wind power. Since heat pumps can only exploit their efficiency 
advantage compared to electrode boilers through longer periods of full operation, they are 
predominantly used as an efficiency measure [12]. 

Pinch Analysis as a process integration method offers a graphical tool in the form of the 
Grand Composite Curve (GCC), which can be used to read out target values for the minimum 
heating and cooling demands of a process at the corresponding temperature level. Townsend 
and Linnhoff [15] were the first to discuss the correct integration of heat pumps using the GCC, 
according to which the heat pump is to be integrated only by heat absorption below the pinch 
temperature and heat release above it. Failure to follow this integration rule even leads to an 
increase in cooling demand in the worst case. Schlosser et al. [16] summarised process-specific 
GCC of industrial case studies from meat, dairy and metal processing as well as electroplating, 
paper production and sterilisation. Suppose the real process conditions differ from the idealised 
assumptions of the Pinch Analysis because the heat recovery potential cannot be fully exploited. 
Heat pumps can also be integrated into the existing heat exchanger network using the Heat 
Pump Bridge Analysis based on the Modified Energy Transfer Diagram [17]. Storages can be 
used in batch processes where heat and cooling demand are separated in time. The Indirect 
Sink and Source Profile method enables the correct dimensioning of storage to unlock the heat-
pumping potential of these non-continuous processes [18]. 

In contrast to heat pumps, electric boilers have lower energy efficiency ratios but offer a 
higher potential for flexible operation. In the context of sustainable energy systems, this 
flexibility potential can be used for demand shifting to meet the power supply of wind turbines 
and PV plants. Demand shifting is widely discussed in scientific literature. Concerning 
industrial applications [19], demand shifting within a process is discussed for the aluminium, 
cement, chemistry, and pulp and paper industry [20]. In addition, demand shifting potential of 
further cross-sectoral industrial processes is discussed, like heating [21], ventilation, and air 
conditioning systems [22], cooling systems [23], manufacturing lines [13], power to heat for 
steam supply in the industry [24] or touristic facilities [25]. The potential of flexible demand 
of electric boilers for process heat in Germany is evaluated in [26]. All studies show the 
advantage of demand shifting to increase the degree of utilisation of RES.  

The review underlines that both components, the heat pump and electric boiler, have 
different characteristics, which lead to different impacts on an energy system. Industrial heat 
pumps are mainly considered energy efficiency measures, while electric boilers offer greater 
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potential for a more flexible demand. Regarding the described challenges to reach a sustainable 
energy system, it is still not well analysed which impact hybrid process heat supply systems 
based on both technologies will have on industrial utilities' economic and ecological 
performance. 

Thus, this study aims to examine different direct electrification measures economically 
based on a case study under the different superordinate system issues of energy efficiency and 
flexibility. These measures are compared to a natural gas-fired boiler as the conventional 
reference system. In addition, a variant that can combine both types is discussed and compared. 
The paper is structured as follows: The case study is described before the underlying data, 
assumptions, and scenarios are explained in the Materials and Methods section. Furthermore, 
the optimisation methods used are described with the corresponding mathematical formulations. 
Finally, the results are summarised, discussed, and a conclusion is drawn.  

MATERIALS AND METHODS 
This chapter explains the case study and all databases, scenarios, and assumptions. 

Case study 
For the production of canned foods, retort pouches, aluminium trays and bowls, thermal 

processing is one of the main food conservation methods. Providing long-term preservation 
and commercial sterility via the inactivation of pathogenic and food-spoiling microorganisms 
is the basic function of the sterilisation process in a batch retort. Heat processing temperature 
is well above 100 °C, and pressurised steam retorts, called autoclaves, are used to achieve 
commercial sterility [27]. In the investigated batch retort sterilisation process for pet food 
pouches [28], the sterilisation temperature is 120 °C and requires steam injection at 130 °C. 
Figure 1 illustrates that the maximum energy demand occurs only during the first few minutes 
of the process cycle to reach the sterilisation temperature (“Come-up Time”), while very little 
is needed after that to maintain process temperature (“Holding”). The pouches are then cooled 
down to 40 °C with cooling water. Ultimately, condensate and cooling water mix and leave the 
process at approximately 80 °C. Time and temperature differences between cooling water and 
steam inhibit direct heat recovery and only allow heat pumping based on TES. 

 

 
 

Figure 1. Batch sterilisation process with corresponding sink and source profile for heat pump 
integration 
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Scenarios, data acquisition and assumptions 
To compare both ways of sustainable heat supply for the presented process, one reference 

scenario and three scenarios using a heat pump and/or electric boiler are considered. All three 
electrified scenarios also include TES. The chosen scenarios are as follows: 

- Scenario Gas Boiler: A gas-fired boiler is used as a reference scenario. The boiler 
supplies the heat on demand and is dimensioned according to the maximum heat 
demand. 

- Scenario Heat Pump: In this scenario, the focus is on maximising energy efficiency. 
Therefore, an optimal design of a heat pump system is done by pinch analysis and 
mathematical optimisation of storage size. 

- Scenario Electric Boiler: In this scenario, an electric boiler is chosen instead of a heat 
pump; thus, the focus is on maximal flexibility. A linear program (LP) determines the 
boiler's operation schedule. 

- Scenario Hybrid: This scenario is chosen to analyse the interaction of both technologies. 
Hence, both technologies are used and sized according to the objective to minimise 
annual costs via a mixed-integer linear program (MILP). 

Annual system costs are considered to quantify the economic aspects of all configurations. 
In addition to annual operation costs caused by electricity or natural gas demand, annual 
investment costs Ia is determined according to eq. (1) considering the lifetime L, the interest 
rate i, and the specific investment costs I: 

 

𝐼𝐼𝑎𝑎 =  𝐼𝐼 ×
(1 + 𝑖𝑖)𝐿𝐿 × 𝑖𝑖
(1 + 𝑖𝑖)𝐿𝐿 − 1

 (1) 

 
Table 1 shows the cost components for the annual investment costs. According to Walden 

et al. [14], the specific investment costs for heat pumps range from 150 to 1000 €/kWth and 
depend strongly on the system integration costs. In the following, 600 €/kWth was assumed. 
Due to the higher risk factor in the financing of Very High-Temperature Heat Pumps (VHTHP), 
an interest rate of 0.12 is assumed for them, according to Schlosser [29]. In comparison, an 
interest rate of 0.07 is assumed for long-established systems such as the gas boiler [30]. A 
lifetime of 20 years is assumed for steam accumulators. 

 
Table 1. Parameters for investment cost accounting 

 VHTHP EB GB Storage 

Invest I [€/kWth] 600 [31] 135 [32] 250 [30] 32.61 [€/kWh] [33] 
Lifetime L [a] 20 [29] 20 [32] 25 [30] 20 

Efficiency η  > 1 0.99 [32] 0.90 [30] - 
Interest rate i 0.12 [29] 0.07 0.07 [30] 0.07 

 
The data on the quarter-hourly steam demand for the case study come from Hechelmann et 

al. [34]. For the steam accumulator, an efficiency of 100% is assumed for charging and 
discharging, and 99.78% is assumed for the efficiency of the accumulator over a time step [35]. 
In the reference case, the gas boiler without a storage tank is designed for the maximum demand 
(5860 kW). The average natural gas price 𝑝𝑝𝑛𝑛𝑛𝑛 for non-household customers in the EU in the 
second semester of 2021 was 4.16 ct/kWh, according to Eurostat [36]. 

Various approaches have been considered to create flexible prices to incentivise system-
serving operations. One possibility would be to adopt time-resolved prices based on the 
wholesale prices of the European Power Exchange with additional costs for grid services and 
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taxes. However, these prices do not fully correlate with the emission intensity of the electricity 
mix [37]. To represent both flexible prices and to reduce the emission intensity, a synthetic 
time series for electricity prices 𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡  in ct/kWh according to equation (2) is used in the 
following: 
 

𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡 = 𝑒𝑒𝐶𝐶𝐶𝐶2
𝑡𝑡 × 𝑝𝑝𝑒𝑒𝑒𝑒

𝑎𝑎𝑎𝑎𝑛𝑛 ×
𝑁𝑁

∑ 𝑒𝑒𝐶𝐶𝐶𝐶2
𝑡𝑡𝑁𝑁

𝑡𝑡=0
 (2) 

 
The values for the quarter-hourly resolved carbon dioxide (CO2) emission factor 𝑒𝑒𝐶𝐶𝐶𝐶2

𝑡𝑡  of 
the German electricity mix in gCO2/kWh are taken from Blizniukova et al. [38] for the years 
2017 (‘17) and 2019 (’19). The average price 𝑝𝑝𝑒𝑒𝑒𝑒

𝑎𝑎𝑎𝑎𝑛𝑛 for electricity is 14.45 ct/kWh according to 
[39] and describes the average price for non-households in the EU in the second semester of 
2021. 

Figure 2a shows the distribution of prices in two time series for 2019 and 2017. The 
distribution is flatter in 2019 compared to 2017, and the spread from maximum (‘17: 
21.35 ct/kWh, ‘19: 24.24 ct/kWh) to minimum values (‘17: 5.27 ct/kWh, ‘19: 4.80 ct/kWh) is 
larger. Figure 2b shows the course of the synthetic prices over the time steps. Also, greater 
deviations from the mean in 2019 can be seen, and the peaks and troughs occur at different 
times than in 2017. Negative prices on the electricity balancing market due to short-term energy 
consumption or other financial incentives for offering flexibility, such as participation in the 
reserve market, are neglected. 

 

 
 

Figure 2. Quantitative representation of the synthetic time series for quarter-hourly resolved 
electricity prices ‘17 & ‘19 
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Dimensioning and operation of scenarios 
All three scenarios need different methods for dimensioning the plant and storage size and 

enabling an optimised operation of the utilities. The methods used for all three scenarios are 
explained in detail in the following subsections. 

 
Heat pump.  The core of this scenario is a heat pump dimensioned according to Process 

Integration principles. Therefore, firstly, the stream data of the process are to be defined as 
input data for the Pinch Analysis. For batch processes, the average load is modelled for this 
purpose. According to the Time-Average-Method, this concept is based on storing the heat 
taken from the leaving cooling process stream in warm storage to be used again for heating 
later. 

According to the optimisation variant Process Integration, the heat pump is integrated with 
the help of the GCC using the COP curve [16]. If the evaporator capacity �̇�𝑄𝑒𝑒𝑎𝑎 is calculated for 
the shifted temperatures 𝑇𝑇𝑡𝑡,𝑆𝑆𝑆𝑆

∗  from the pinch temperature to the lowest source temperature 
based on the following equation (3), these value pairs form the COP curve (black line in 
Figure 3a). The intersection of the GCC and COP curves defines the required evaporator 
capacity (square mark Figure 3a) at the corresponding temperature level: 
 

�̇�𝑄𝑒𝑒𝑎𝑎 =  �̇�𝑄𝑐𝑐𝑆𝑆 × (1 −
1

𝐶𝐶𝐶𝐶𝐶𝐶
) (3) 

 

 
 
Figure 3. Integration of a heat pump into the GCC by COP-curves (a) and schematic illustration of 

heat pump parameters (b) 

The COP of a VHTHP is determined by a regression model of market-available 
performance data based on equation (4) depending on the target sink temperature 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 and 
the temperature lift ∆𝑇𝑇𝑒𝑒𝑆𝑆𝑙𝑙𝑡𝑡  between heat sink (Si) and source (So) [12]. Market-available 
VHTHPs for steam generation achieve sink temperatures 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡  of up to 165 °C with 
temperature lifts ∆𝑇𝑇𝑒𝑒𝑆𝑆𝑙𝑙𝑡𝑡 of up to 115 K [31]: 
 

𝐶𝐶𝐶𝐶𝐶𝐶 =  a × �∆𝑇𝑇𝑒𝑒𝑆𝑆𝑙𝑙𝑡𝑡 + 2 × b�
c

× �𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 + b�
d
 (4) 

 
∆𝑇𝑇𝑒𝑒𝑆𝑆𝑙𝑙𝑡𝑡 =  𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 − 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑛𝑛 (5) 

 
Since the heat transfer between a heat sink and source is already represented in the COP 

regression models, the COP is determined based on the temperature of the heat sink leaving 
the condenser 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 and the temperature of the heat source entering the evaporator 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑛𝑛 (see 
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Figure 3b). For the heat recovery loop shown in Figure 3b, the input variables for the COP 
calculation are determined considering a source-side temperature spread of ∆𝑇𝑇𝑆𝑆𝑆𝑆 = 3 K due to 
the nominal temperatures of the test conditions according to DIN EN 1511-2 [40] as follows: 
 

𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 = 𝑇𝑇𝑡𝑡,𝑆𝑆𝑆𝑆
∗ −

1
2
∆𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 (6) 

 

𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 = 𝑇𝑇𝑡𝑡,𝑆𝑆𝑆𝑆
∗ +

1
2
∆𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 (7) 

 
𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑛𝑛 = 𝑇𝑇𝑆𝑆𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 + ∆𝑇𝑇𝑆𝑆𝑆𝑆 (8) 

 
The heat pump is designed using the GCC. For this purpose, the average steam demand 

�̇�𝑄𝑎𝑎𝑎𝑎𝑛𝑛  is determined according to equation (9), and the associated COP is calculated via 
equation (4) using the parameters from Table 2. 

 
Table 2. Regression parameters of the COP for VHTHPs [12] 

VHTHP Fitting parameter 

Steam-based VHTHP a = 8.898 b = 0.042214 c = −0.52137 d = 0.16395 
 
Due to the higher average steam demand at the beginning of the data set, the heat pump is 

designed to be 10% larger. This results in a thermal output of the heat pump of 2259 kW and a 
COP of 2.22: 
 

�̇�𝑄𝑎𝑎𝑎𝑎𝑛𝑛 =
1
𝑁𝑁
��̇�𝑄𝐷𝐷𝑡𝑡
𝑁𝑁

𝑡𝑡=0

 (9) 

 
The VHTHP is operated constantly, and a fixed electricity price is assumed. When 

calculating the annual operating costs, it is also considered that the VHTHP reduces the cooling 
demand. It is assumed that electrical costs would otherwise be incurred for the cooling tower 
(COPCT: 10 [41]); these are deducted from the VHTHP. 

In addition, the steam accumulator is optimised using Linear Programming (LP) 
formulation as follows: 
 

min
xϵS

𝒄𝒄⊤ 𝐱𝐱 , S ∶= {𝐱𝐱 | 𝐀𝐀eq𝐱𝐱 = 𝐛𝐛eq, 𝐀𝐀𝐱𝐱 ≤ 𝐛𝐛, 𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐔𝐔𝐋𝐋} (10) 

 
A variable is introduced for the maximum storage size 𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡  which must be constant at 
each time step. It is defined as the upper bound for the variable of the storage content 𝐸𝐸𝑆𝑆𝑡𝑡: 

 

𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
0 = 𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡  (11) 

 
𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 ≥ 𝐸𝐸𝑆𝑆𝑡𝑡 

(12) 

Furthermore, energy (14) and storage (15) balances are necessary, as well as another 
condition to ensure that the heat pump is operated constantly (13): 
 

𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖
0 = 𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖

𝑡𝑡  (13) 
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�̇�𝑄𝐷𝐷𝑡𝑡 = 𝛿𝛿𝐻𝐻𝐻𝐻𝑡𝑡 × �̇�𝑄𝐻𝐻𝐻𝐻 + �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡
𝑡𝑡 − �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛

𝑡𝑡  (14) 
 

 

𝐸𝐸𝑆𝑆𝑡𝑡 − 𝐸𝐸𝑆𝑆𝑡𝑡−1 × 𝜂𝜂𝑠𝑠 − �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛
𝑡𝑡 × 𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠 ×

1
𝜂𝜂𝑆𝑆,𝑆𝑆𝑛𝑛

+ �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡
𝑡𝑡 × 𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠 × 𝜂𝜂𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡 = 0 (15) 

 
This results in the following variable (16) and cost vector (17): 

 

𝐱𝐱⊤ = [𝛿𝛿𝐻𝐻𝐻𝐻𝑡𝑡 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛
𝑡𝑡 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡

𝑡𝑡 ,𝐸𝐸𝑆𝑆𝑡𝑡, … , 𝛿𝛿𝐻𝐻𝐻𝐻𝑁𝑁 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛
𝑁𝑁 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡

𝑁𝑁 ,𝐸𝐸𝑆𝑆𝑁𝑁] (16) 

 

𝒄𝒄⊤ = �0, 0, 0,
𝐼𝐼𝑠𝑠
𝑁𝑁
� (17) 

 
Electric boiler.  An LP is used for the mathematical formulation of the problem of operation 

optimisation and sizing of the Boiler. It is based on the considerations of Wolf et al. [35]. Due 
to the temporal resolution of 15 minutes, the ramp-up times of 1−2.5 minutes [42] are neglected 
in the formulation. Constraint (18) states that the size of the electric boiler �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡  can only 
take one value and constraint (19) sets the size of the electric boiler as the upper bound for the 
maximum steam production �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡 : 
 

�̇�𝑄 𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
0 = �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡  (18) 

 

�̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 >= �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡  (19) 

 
In the energy balance, the constant value of the VHTHP is replaced by the continuous 

variable of the electric boiler �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡 : 
 

�̇�𝑄𝐷𝐷𝑡𝑡 = �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡 + �̇�𝑄𝑠𝑠,𝑆𝑆𝑜𝑜𝑡𝑡
𝑡𝑡 − �̇�𝑄𝑠𝑠,𝑆𝑆𝑛𝑛

𝑡𝑡  (20) 

 
This results in the cost and variable vector as follows: 

 
𝐱𝐱⊤ = [ �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡 , �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛
𝑡𝑡 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡

𝑡𝑡 ,𝐸𝐸𝑆𝑆𝑡𝑡 ,𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 , …, 

�̇�𝑄𝐻𝐻𝐸𝐸𝑁𝑁 , �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝑁𝑁 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛

𝑁𝑁 , �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡
𝑁𝑁 ,𝐸𝐸𝑆𝑆𝑁𝑁 ,𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

𝑁𝑁 ] 
(21) 

 

𝒄𝒄⊤ = �
 𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡

𝜂𝜂𝐻𝐻𝐸𝐸
𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠,

𝐼𝐼𝐻𝐻𝐸𝐸,𝑎𝑎

𝑁𝑁
, 0, 0,0,

𝐼𝐼𝑆𝑆,𝑎𝑎

𝑁𝑁
, … ,

 𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁

𝜂𝜂𝐻𝐻𝐸𝐸
𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠,

𝐼𝐼𝐻𝐻𝐸𝐸,𝑎𝑎

𝑁𝑁
, 0, 0,0,

𝐼𝐼𝑆𝑆,𝑎𝑎

𝑁𝑁
� (22) 

 

Hybrid system.  A MILP is set up for optimisation with a VHTHP and an electric boiler. 
For this purpose, each binary variable 𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖

𝑡𝑡  serves as a decision variable on whether a heat 
pump with an associated thermal capacity �̇�𝑄𝐻𝐻𝐻𝐻𝑖𝑖 (between 0 and 2260 kW in 10 kW steps) and 
the corresponding 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑖𝑖 is installed. Constraint (23) ensures that only one heat pump can be 
built, and constraint (24) that it is the same for each time step: 
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1 = �𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖
𝑡𝑡

𝑰𝑰

𝒊𝒊=𝟎𝟎

 (23) 

 

𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖
0 = 𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖

𝑡𝑡  (24) 

 
The energy balance of (20) must be adjusted to include the thermal output �̇�𝑄𝐻𝐻𝐻𝐻𝑖𝑖  of the 

installed heat pump: 
 

�̇�𝑄𝐷𝐷𝑡𝑡 = ��𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖
𝑡𝑡 × �̇�𝑄𝐻𝐻𝐻𝐻𝑖𝑖�

𝑰𝑰

𝒊𝒊=𝟎𝟎

+ 𝐶𝐶𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑡𝑡 + �̇�𝑄𝑆𝑆,𝑆𝑆𝑜𝑜𝑡𝑡
𝑡𝑡 − �̇�𝑄𝑆𝑆,𝑆𝑆𝑛𝑛

𝑡𝑡  (25) 

 
Cost and variable vector, as shown in (16) and (17), must be extended, compared to the 

case without a heat pump: 
 

𝐱𝐱⊤ = [ �̇�𝑄𝐻𝐻𝐸𝐸𝑡𝑡 , �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 , 𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖

𝑡𝑡 , �̇�𝑄𝑠𝑠,𝑆𝑆𝑛𝑛
𝑡𝑡 , �̇�𝑄𝑠𝑠,𝑆𝑆𝑜𝑜𝑡𝑡

𝑡𝑡 ,𝐸𝐸𝑠𝑠𝑡𝑡,𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 , …, 

�̇�𝑄𝐻𝐻𝐸𝐸𝑁𝑁 , �̇�𝑄𝐻𝐻𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝑁𝑁 , 𝛿𝛿𝐻𝐻𝐻𝐻𝑖𝑖

𝑁𝑁 , �̇�𝑄𝑠𝑠,𝑆𝑆𝑛𝑛
𝑁𝑁 , �̇�𝑄𝑠𝑠,𝑆𝑆𝑜𝑜𝑡𝑡

𝑁𝑁 ,𝐸𝐸𝑠𝑠𝑁𝑁 ,𝐸𝐸𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝑁𝑁 ] 

(26) 

 

𝒄𝒄⊤ =
�
 𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡

𝜂𝜂EB
𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠 ,

𝐼𝐼𝐻𝐻𝐸𝐸,𝑎𝑎

𝑁𝑁
, �̇�𝑄𝐻𝐻𝐻𝐻𝑖𝑖 �

𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡 𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑖𝑖

+
𝐼𝐼𝐻𝐻𝐻𝐻,𝑎𝑎

𝑁𝑁
−
𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡 𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

� , 0, 0,0,
𝐼𝐼𝑆𝑆,𝑎𝑎

𝑁𝑁
, … ,

 𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁

𝜂𝜂EB
𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠,

𝐼𝐼𝐻𝐻𝐸𝐸,𝑎𝑎

𝑁𝑁
, �̇�𝑄𝐻𝐻𝐻𝐻𝑖𝑖 �

𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑖𝑖

+
𝐼𝐼𝐻𝐻𝐻𝐻,𝑎𝑎

𝑁𝑁
−
𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

� , 0, 0,0,
𝐼𝐼𝑆𝑆,𝑎𝑎

𝑁𝑁
�

 (27) 

RESULTS 
The operating and investment costs result in the total annual costs of 0.9573 M€ for the 

reference case. The annual costs for the electrification measures considered are shown in 
Table 3. None of the electrification measures are economically viable under the assumed 
prices. 

 
Table 3. Results 

Case Cost 
[M€/a] 

VHTHP size 
[kW] 

EB size 
[kW] 

Storage size 
[kWh] 

Heat Pump 1.3629 2259 - 59,436 

Electric Boiler (‘17) 2.6393 - 5240 19,955 

Hybrid System (‘17) 1.2142 1950 543.1 24,454 

Electric Boiler (‘19) 2.5776 - 6642 27,810 

Hybrid System (‘19) 1.2097 1950 651.8 24,454 
 
Using an electric boiler with a flexible price tariff is almost twice as expensive as using a 

heat pump with a fixed price tariff for both scenarios considered. The integration of an electric 
boiler together with the heat pump at the flexible price tariff has a cost advantage over the heat 
pump alone in both scenarios considered. 
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In the hybrid case, the heat pump covers 94.95% of the steam demand. Depending on the 
scenario, the annual cost advantage amounts to 10.9% and 11.2% compared to the process 
integration of only a heat pump. Whereby between 10% and 12% can be attributed to the 
savings in investment costs of the heat pump, the rest is achieved through the flexible operation 
of the boiler. 

Integrating a heat pump into the process means 23.7% (‘17) to 36.3% (‘19) of CO2 
emissions can be saved during operation compared to the reference case due to the higher 
efficiency, as seen in Figure 4. Even 27.6% (‘17) to 39.86% (‘19) can be saved in the hybrid 
system. In contrast, the emissions would increase by 17.7% (‘19) and 47.1% (‘17) if an electric 
boiler was used. 

 

 
 

Figure 4. Changes in CO2 emissions compared to the reference case for the years ‘17 and ’19 

Sensitivity analysis 
Since energy prices, such as gas and electricity, and investment costs vary greatly 

depending on the production system, a sensitivity analysis is carried out in the following. Here, 
the average electricity prices are assumed to be ± 20% (17.34. ct/kWh to 11.56 ct/kWh) for the 
hybrid system with the fluctuations of the year 2017. For the same case, the investment costs 
are varied by ± 20% (720 €/kW to 480 €/kW). For comparison, the gas price (4.99 ct/kWh to 
3.33 ct/kWh) and the investment costs for the gas boiler (300 €/kW to 200 €/kW) are varied 
similarly. Figure 5 shows the results of this sensitivity analysis. The investment costs for both 
cases have a significantly smaller impact than a change in energy prices. It shows that a 20% 
reduction in electricity prices would not be enough for the hybrid system to achieve cost parity 
with the reference case. It would require a reduction in electricity prices of about 15% with a 
simultaneous increase in gas prices of about 10%, which means an electricity-to-gas price ratio 
of approximately 2.67. 
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Figure 5. Sensitivity analysis on electricity and gas prices, as well as the investment costs of the 
VHTHP of the hybrid system '17 and the gas boiler 

DISCUSSION 
The electrification of process heat generation using renewable energies has clear efficiency 

advantages over the combustion of fossil fuels and is also potentially climate neutral. 
Furthermore, these alternatives are almost economically competitive under the natural gas price 
for 2021. For a climate-neutral economy and industry, however, direct or indirect electrification 
is unavoidable, as the emission factor in the electricity mix will decrease, but that of natural 
gas will remain constant. 

However, economic competitiveness depends heavily on the electricity-to-gas price 
ratio [12]. Recent developments show that energy prices are rising, among other things, due to 
increasing CO2 prices. While these remain the same for fossil fuels, electricity prices will be 
less affected as the expansion of renewable energies continues. The hybrid system would break 
even at a natural gas price of 5.42 ct/kWh, representing an electricity-to-gas price ratio of 2.67, 
with the assumed electricity price of 14.45 ct/kWh. While the electricity-to-gas price ratio for 
the prices considered in 2021 was 3.47, it was 2.81 for the average prices in the first semester 
of 2022 [43, 44]. Although, according to the merit order principle, the electricity price rises 
with the gas price, the ratio became better in favour of the electricity price. It suggests that the 
systems with heat pumps would perform even better. 

Nevertheless, the assumed prices from 2021 are more representative due to the probably 
temporary energy crisis in Europe. In addition to the economic impact of the geopolitical events 
in 2022, they have clarified that European industry needs to become independent of fossil fuels. 
To achieve this, it will be necessary to reduce energy consumption by increasing efficiency and 
strengthening the use of local renewable energy sources. In the latter context, the ability to 
react flexibly to power peaks will become more important. Hybrid systems such as the one 
discussed can contribute to both aspects, i.e., efficiency and flexibility. 

In addition, it must be discussed to what extent a larger spread between high and low-price 
phases would impact the economic viability of a flexible system. This widening is likely with 
a larger share of volatile RES in the grid. Within the literature, several designs of future energy 
price models are discussed. In this context, Dunkelberg et al. [24] highlight the different shapes 
of residual loads for different regions and their influences on the need for flexible electricity 
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demand. Heidrich et al. [22] underline how the spread between high and low prices can be 
modified and how this may influence the demand response potential. The effects of scenarios 
with a higher spread between high and low-price phases need further investigation. 

The calculated costs for the flexible system with the electric boiler and the hybrid system 
using the synthetic time series of prices are purely theoretical, as there are currently only limited 
financial incentives for big scaled industrial companies to run their plants flexibly. In addition, 
the approach neglects negative prices that would be possible for the provision of load in the 
event of an oversupply of energy for grid stabilisation. Since the systems, such as boilers and 
storage tanks, were designed for optimal operation based on the price signals, they differ 
depending on the scenario. The plants would probably have to be designed somewhat larger, 
and the total annual costs should therefore be assumed to be higher. Furthermore, the specific 
investment costs can vary considerably. Especially for heat pumps, these are, as discussed, in 
a wide range and depend on the system in which they must be integrated. Also, the assumed 
interest rates can differ significantly depending on how companies assess the risks related to 
new technologies and an increasing need for energy saving and defossilisation. These and other 
uncertainties, like changing CO2, electricity, and gas prices, should be investigated in further 
work to estimate future annual operating costs to support investment decisions better. 

The shown advantage and the hybrid system's design depend strongly on the observed 
process. However, batch sterilisation processes are common and can be found in many 
companies. Nevertheless, applying the presented methods and comparison to other case studies 
would highlight the potential of hybrid systems combining energy efficiency and flexible 
demand for a wide range of applications. It may be part of the future energy system and 
defossilised steam supply. Other processes for which a pinch analysis has already been carried 
out (e.g., see [29]) offer good points for further research and should be considered. The 
mathematical formulation may also need to be extended depending on the process. Partial load 
operation of the heat pump and downtimes would be possible. 

Based on this, it should also be considered how the overarching comparison between energy 
efficiency and flexibility can be extended to dimensions above a single process and how this 
affects the grid and energy management. The focus here is on how much flexibility is needed 
in regional (but interconnected) energy systems to cope with the fluctuating integration of 
renewable energies into the distribution grids as much as necessary. In this context, the 
potential of flexible heat supply and other flexible loads, such as electric vehicles, power-to-
gas, energy storage, etc., can be of great interest to investigate their potential and the 
interactions between these loads in future regional energy systems. 

CONCLUSION 
The findings of this study underline that electrification measures for process heat in the case 

study under consideration are almost economically viable at average European prices of 2021. 
However, the results also show that electrification can already have a high environmental 
benefit. Regarding the economic assumptions made, the reference system (natural gas) is the 
economically best alternative. Among the electrified solutions, a fully flexible system with an 
electric boiler has the highest annual costs, while an efficient system with a heat pump can 
halve the annual costs. The hybrid solution, which combines flexibility and efficiency, leads to 
the lowest costs of all electrified solutions and is competitive with the natural gas system at an 
electricity-gas price ratio of 2.67. It shows that the joint use of an efficient heat pump and a 
flexible boiler results in advantages, as the boiler can use flexible prices and simultaneously 
reduce the investment costs of the heat pump through smaller dimensioning. Considering also 
the GHG emissions of all systems, the case study underlines the advantage of electrified 
solutions. Increasing efficiency using a heat pump reduces emissions by 24.7% to 36.3% 
compared to the reference case using the emission factor of the German electricity mix in 2017 
and 2019. The hybrid solution leads to further benefits resulting in a reduction potential of 
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39.9% compared to using natural gas if the prices are sufficiently correlated with the emission 
factor of the electricity mix. Thus, the case study results highlight how both characteristics, 
i.e., flexibility and efficiency, may be required to establish the solution with the lowest GHG 
emissions. Gas prices are increasing, not least because of carbon pricing. Combined with the 
political will to reduce the dependence on fossil fuels and the aim to realise carbon-neutral 
energy systems, it will further increase the already high potential of electrified solutions for 
economic and ecologically sustainable steam supply in industries. 
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NOMENCLATURE 
COP Coefficient of performance [-] 
c Cost vector [-] 
E Energy [kWh] 
e Emission coefficient [gCO2/kWh] 
i Interest rate [%] 
L Lifetime [a] 
N Number of timesteps [-] 
p Price [ct/kWh] 
�̇�𝑄  Power [kW] 
T Temperature [K] 
x Variable vector [-] 

Greek letters 
η Efficiency coefficient [-] 
τ Timestep width [h] 

Subscripts 
a Year  
avg Average  
co Condenser  
CO2 Carbon dioxide  
CT Cooling Tower  
EB Electric boiler  
el Electric  
ev Evaporator  
D Demand  
HP Heat Pump  
max Maximal  
ng Natural gas  
S Storage  
Si Heat Sink  
So Heat Source  
th thermal  
t Timestep  

Abbreviations 
EB Electric Boiler  
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GCC Grand Composite Curve  
GHG Greenhouse Gas  
LP Linear Programming  
M, Mio Million  
MILP Mixed Integer Linear Programming  
RES Renewable Energy Sources  
TES Thermal Energy Storage  
VHTHP Very High-Temperature Heat Pump  
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