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ARTICLE INFO ABSTRACT
Dataset link: https://github.com/SvenjaBie/Ele Industrial greenhouse gas emissions, primarily carbon dioxide, constitute about one-third of global emissions,
ctrUtilPapInd_Open and 75% are caused by the generation of heat from fossil fuels. Therefore, a key decarbonisation strategy
Keywords: is electrifying heat generation using renewable sources and power-to-heat technologies. This study explores
Electrification the impact of the energy price on the optimal choice and sizing of power-to-heat and storage technologies
Energy-intensive industry in existing energy-intensive industries with a variable heat demand. A mixed integer linear program is used
Flexibility to determine the technology portfolio and size of the equipment that leads to the lowest total annual cost
Optimisation of the utility system while ensuring that heat demand is always fulfilled. The results of a case study in the
Power-to-heat technologies Netherlands show that adding power-to-heat and storage technologies to a fossil fuel-based combined heat
Energy storage and power plant is economically viable under all explored scenarios. The mean and the variance of electricity
prices significantly influence the sizing of heat pumps, electric boilers, and thermal energy storage. High and
stable electricity prices lead to larger heat pump capacities compared to scenarios with low and more variable
electricity prices. Electric boilers are primarily sized based on the variance of electricity prices and the capacity
of thermal energy storage, which plays a crucial role in managing electricity price fluctuations. The study
emphasises the potential for cost-effective electrification and provides valuable insights for reducing industrial
CO, emissions.
1. Introduction heat pump is highly dependent on the temperature at which heat is
demanded and available [7].

International commitments aim to reduce greenhouse gas (GHG) Combining PtH technologies with energy storage can increase the
emissions significantly [1]. Approximately one-third of global GHG use of renewable electricity, reduce CO, emissions and improve the
emissions stem from the industry and consist mainly of CO, emis- economic performance of an industrial plant’s energy conversion fa-
sions [2]. Roughly 75% of these emissions are related to the combustion cility (utility system), as they enable energy use when it is abundant

of fossil fuels for fulfilling heating requirements [3]. Therefore, elec-
trifying heat generation with renewable sources is considered a key
pathway to reducing industrial CO, emissions [4].

Power-to-heat (PtH) technologies have gained attention as they can
(a) directly convert electrical power into heat (using, e.g., an electric
boiler (EIB)), (b) use electrical power to produce an intermediate
energy carrier, such as hydrogen (H2), that can be stored and thereafter
converted into heat, or (c) use electrical power to upgrade waste heat
streams (with, e.g., a heat pump (HP)) [5]. Among the three options,
waste heat-upgrading technologies such as heat pumps require the least
electricity to generate heat [6]. Yet, the technical performance of a an oil refinery with a pinch analysis and identify economically feasible

and cheap [8]. However, identifying cost-effective combinations of PtH
and storage technologies is challenging due to varying and uncertain
equipment costs and efficiencies, as well as the fluctuating availability
and cost of renewable electricity.

This challenge has been studied from different perspectives in the
literature, and studies can be categorised into three groups. The first
compares different PtH technologies with each other in scenarios with
a constant energy price, excluding the option of energy storage. Son
et al. [5], for example, study the potential role of PtH technologies in
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HP and EIB solutions. Wiertzema et al. used the same approach to study
the impact of electrifying the utility system on the heat integration
of a chemical process and found that replacing a gas boiler with an
electric boiler reduces the waste heat and therefore the potential for
heat integration. However, they also found that the operational cost of
the selected electric boiler halved in 2040, compared to a 2030 energy
market scenario [9]. Kim et al. used pinch analysis at the site level
and found several electrification options, but excluded an assessment
of their economic performance [10]. Walden and Stathapopoulos used
a time-sliced pinch approach to study the impact of a fluctuating heat
demand on the optimal integration of a heat pump and found that
a heat pump can provide flexibility up to a point at which part-load
behaviour leads to diminishing returns [11].

The second group of studies considers fluctuating energy prices,
but explores the use of only one PtH and storage technology. Walden
et al. [12], for example, used optimisation to study the operation of
a high temperature heat pump and a sensible thermal energy storage
with electricity coming from the power grid and a wind turbine in a
process with a constant heat demand. Trevisan et al. used mixed integer
linear optimisation to study the techno-economic feasibility of molten
salt-based thermal energy storage with embedded electrical heaters for
a process with a variable heat demand and different electricity spot
market prices [13].

The third group considers multiple PtH and storage technologies
and fluctuating energy prices. Baumgaertner et al. [14], for example,
studied the impact of time-dependent grid emissions on the design and
operation of an electrified utility system with a mixed integer linear
model for a pharmaceutical facility with a fluctuating energy demand.
While they include varying electricity prices in their study, the gas price
is kept constant. Reinert et al. [15] expanded this work and added
the possibility of pumped thermal energy storage. However, again, gas
prices were kept constant. Previous work by some of the authors of this
study explored the potential for cost-optimal electrification of existing
utility systems for chemical plants with fluctuating electricity and gas
prices. Direct and indirect electrification with electric and hydrogen
boilers was considered, but the option to upgrade waste heat with a
heat pump was not included [16]. Fleschutz et al. [17] studied using the
combination of an EIB, hydrogen as an energy carrier, a heat pump and
forms of energy storage for electrification for industrial applications.
However, the assessment was carried out for low-temperature heat
requirements, for which the performance of the heat pump is signifi-
cantly different from the performance in the case of high-temperature
applications.

The studies presented thus far do not analyse the impact of energy
price profiles on the combination of PtH and storage technologies
under fluctuating energy prices and operational conditions for existing
high-temperature industrial applications. Insight into the potential role
of electrification technologies under these circumstances is needed to
enable cost-effective electrification of current fossil industrial heating
systems.

The aim of this work is thus to evaluate the impact of variable
energy prices on deploying PtH and storage technologies in an energy-
intensive industry with variable high-temperature heat demand and
existing heating infrastructure. Herein, the trade-off between options
with a higher efficiency and a higher cost, i.e., heat pumps, and options
with lower efficiency and cost, i.e., electric boilers, is explored. The
contribution to the existing literature on electrified utility systems for
industrial plants is twofold.

1. This work presents a feasibility assessment of technology portfo-
lios that enable cost-effective electrification of fluctuating high-
temperature heat demand requiring minimal changes to the
plant’s existing infrastructure.

2. The impact of the mean and variance of energy prices and
the electricity to gas price-ratio on the selection and sizing of
technologies, specifically on heat pumps, is shown.
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2. Methods

This section introduces the existing utility system and potential
investment options (Section 2.1), describes the model used to design
and simulate the cost-optimal utility system (Section 2.2) and presents
the case study (Section 2.3). Thereafter, the reference utility system and
the explored scenarios are described (Sections 2.4 and 2.5).

2.1. Existing utility system and potential investment options

The model used to design and assess cost-optimal electrified utility
systems is based on an existing utility system fuelled by natural gas
(NG). This system, shown in Fig. 1, comprises a bidirectional connec-
tion to the local power grid, a gas-fired gas turbine (GT) and a heat
recovery steam generator (HRSG) with additional natural gas co-firing
in a gas boiler (GB). The co-firing allows additional heat generation
without producing power and enables the system to react to fluctua-
tions in process heat demand. The GT, HRSG, and GB are referred to as
combined heat and power plant (CHP) for the remainder of this paper.
Since the CHP has already been installed, it is assumed that it does not
require further investments. Investments due to maintenance are also
not included.

To electrify the utility system, PtH technologies and storage tech-
nologies can be added to the system as shown in Fig. 2. The PtH
technologies considered in this study include an HP, which utilises
excess heat from a heat recovery unit, an electric boiler (EIB), and a
hydrogen boiler (H2B) fuelled with hydrogen generated by a proton
exchange membrane water electrolyser (H2E). The decision to include
hydrogen is based on low-cost storage opportunities in hydrogen tanks
(see Table 5). The storage units considered are a Li-Ion battery (Bat), a
sensible TES and a hydrogen storage tank (H2S). Due to the different
temperature levels at which the PtH technologies produce heat, in
practice, they would not be connected to the same TES unit. To reduce
complexity, the TES is considered one unit in the model. Furthermore,
it is assumed that the HP and the TES produce heat at the temperature
required by the process and that the heat from the EIB is cascaded down
to the required level by using throttling valves. The cost of these valves
is not included in the model as it is considered minor compared to the
cost of the PtH and storage equipment.

2.2. Model formulation

This work explores how changes in the electricity price affect the
technology portfolio and economic performance of the system. Deter-
ministic optimisation in combination with scenario analysis is used,
as the paper does not aim to find the best solution for all uncertain
parameters but rather to understand the model’s response to them. The
model is implemented using the Python-based optimisation package
‘Pyomo’ and solved using Gurobi solvers. Its time resolution is Ar =
0.5 h, following the resolution of the demand data of the case study.
The solving time depends on the scenario. Some scenarios could not
be solved to full optimality on a laptop (with Intel CORE i7 vPRO
processor) and had to be solved on a supercomputing cluster. The
default optimality gap was set to 0.005%.

The model departs from a model presented in [16] and was ex-
tended to include an HP and a more flexible CHP. The objective of the
optimisation is to minimise the total cost of the utility system for the
duration of one operational year, including the investment cost (CapEx)
and the operational costs (OpEx), see Eq. (D.11). Since the model runs
in half-hourly steps and the operational time of the process is 8000 h,
assuming 760 h of downtime per year, the model includes 16000 time
steps.

1=16000

min ) OpEx(t) + CaPex 6h)
1=0
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Process power Process heat
demand demand
&
VN

onsite power grid

Fig. 1. Fossil fuel-based utility system assumed to be the existing utility system for the plant considered in this study. Note that the onsite power grid and steam header are added
to the figure for better readability, but are not included in the model. The heat demand is supplied by a CHP, which consists of a gas turbine (GT) and a heat recovery steam
generator (HRSG) with additional natural gas co-firing in a gas boiler (GB). The power demand is supplied by the power produced by the GT or by electricity from the national
power grid.

Production process
Bat
- Process power Process heat I '
demand demand A — .

onsite power grid

steam header

Fig. 2. Potential utility system design including a fossil-based legacy utility system (CHP) consisting of a gas turbine (GT) with a heat recovery steam generator (HRSG) and a gas
boiler (GB), and an electric boiler (ELB), a heat pump (HP), and a power-to-gas-to-heat system consisting of an electrolyser (H2E), a hydrogen storage tank (H2S), and a hydrogen
boiler (H2B). Energy can be stored in batteries (Bat) and thermal energy storage (TES). Note that the onsite power grid and steam header are used to improve the visualisation.
In the model, all interconnections between technologies and from the technologies to the gas or power grid are modelled separately.
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Fig. 3. Heat demand duration curve of the process in the case study and the demand that the CHP supplies at its minimal possible load.

The OpEx is calculated using Eq. (2). It consists of the cost of
consuming grid electricity minus the potential revenue from selling
electricity from the CHP back to the grid and the cost of consuming
natural gas (including the cost of purchasing CO, emission allowances
within the European Emission Trading System (EU ETS)). Taxes and
other fees for selling power back to the grid are not included in
the model. In Eq. (2), pe), griq() is the electricity price at time ¢ in
[euro/MWh]. Power flow from the grid to technology i is denoted as
P,,;(t) and power flow from technology i back to the grid as P, (1.
Both are expressed in [MW]. pyg(?) is the cost of using natural gas at
time 7 in [euro/MWh]. The quantity of gas consumed per time step is
denoted by NG,,(r) in [MW].

OPEX(?) = Pe, gria(*) - Z(Pgr,i(l) — Py (1) - At (2)

+ Png(®) - NG,(1) - At

The CapEx (Eq. (3)) includes the investment required for all newly
installed technologies i and is a product of their technology cost c; (in
[euro/MW] or [euro/MWh]), their installation factor Inf; and their size
s; (in [MW] or [MWh]).

CaPex = Z c; - Inf; - 5; - AF; 3)
i

Since the model only considers one operational year, the investment is

annualised using an annualisation factor of the respective technology

AF,;, which is calculated using Eq. (4). LT; is the lifetime of equipment

i, and the discount rate r is set to 10%, as in [17].

T

- (1+1)LT “

i

The power or heat generation and storage technologies are rep-
resented by energy flow balances and the respective technological
constraints, as described in section 2.1 of [16]. The CHP in this study
is modelled as a combination of a gas turbine, a heat recovery steam
generator, and a gas boiler. Mirroring the situation of the case study,
the operational flexibility of the GT is based on the combined oper-
ation of two gas turbines, which both have the ability to operate at
60%-100% of their capacity. It is assumed that one turbine can be shut
down completely. One GT, or 30% of the total GT thermal output, has
to operate at all times to limit the number of cold starts, which damage
the equipment. Therefore, the minimal load of the CHP is assumed to
be 30% of its capacity. The heat generation of the CHP is calculated
using Eq. (5), where NGgr, () is the amount of natural gas converted
in the gas turbine, ngry, the thermal conversion efficiency of the gas
turbine, NGgpin(?) the amount of natural gas going to the gas boiler,

ngp the conversion efficiency of the gas boiler and Hcyp o (?) the heat
output of the CHP.

(NGgr,in(® - 61,0 + NGepin(®)) - ige = Hepp,oue (1) (5)

The energy conversion of the HP is modelled as stated in Eq. (6),
where Hpyp ,(t) is the heat output of the HP, which is a function
of the power input Pyp;,(#) and the ideal, or Carnot, coefficient of
performance (COP) COP,,,,, multiplied by 0.5 because a mechanical
closed-cycle HP is expected to operate at 50% of its ideal COP [18,19].

Hyp out(t) = Pyp jn(?) - COP, 4, - 0.5 (6)
The ideal COP is calculated using Eq. (7).
Copideal = Tsink/(Tsink - Tsource) (7)

All equations of the model are presented in Appendix D.
2.3. Case study

This study explores the electrification of the utility supply for
the energy-intensive industry with a highly fluctuating electricity and
(high-temperature) heat demand. These conditions are commonly ob-
served in sectors with a large product portfolio, batch processing,
and or cleaning-in-place processes such as in the food and beverage,
the chemical and pharmaceutical, the textile and the paper and pulp
industry. An existing paper mill in the Netherlands with various pa-
per recipes is used as a representative case study for this group of
discontinuous processes.

Of the considered paper mill, only the heat demand of the drying
section was considered, as it requires over 80% of the total heat de-
mand. The heat demand, between 100 °C and 160 °C, varies in capacity
every 30 minutes. The maximum heat demand is 21.5 MW, the average
13.7 MW and the minimum 1.1 MW. Fig. 3 shows the demand duration
curve of the process (in blue) and the heat delivered by the CHP when
it operates at its minimal load (in orange). For confidentiality reasons,
a more detailed description of the underlying demand data cannot be
disclosed.

Excess heat can be recovered from the drying hood at T = 55 °C
and fed to a HP. Since the HP is required to generate heat at 160 °C,
the COP of the HP for this paper mill is 2 based on a second law
efficiency of 50%. The electricity demand is assumed to be 10% of the
heat demand based on information obtained from the plant operator.
The grid connection capacity that limits the power flow from or to the
local power grid was assumed to be 30 MW based on the capacity of
the actual grid connection of the case study plant.
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Table 1
Data used to model conversion technologies.
Gas turbine Gas boiler EIB HP Electrol- H2 boiler
yser
Capacity
thermal [MW,,] Hyommax /NGB 20% of GT decision decision decision decision
variable variable variable variable
electric [MW,,]
Efficiency 5 [%] Nihermal = 60, 82 99 0.5 - 69 [23] 92
Ny = 307 [21,22] COP,,,., [24,25]
Minimal load factor 0.5 -60 0 0 0 0
[% of max. load]
Lifetime LT [years] not included in model 20 [22] 20 [7] 15 20 [26]
2 Note that ny,ema concerns the generation of heat from natural gas
Table 2
Data used to model storage technologies.
Battery TES Hydrogen
tank
Capacity decision decision decision
variable variable variable
Efficiency 5 [%] 90 [17] 90 [27] 90 [17]
Maximum energy output 70 [17] 50 [17] 100
[% of capacity/Ar]
Lifetime LT [years] 15 [28] 25 [29] 20 [30]

2.3.1. Technical parameters

The parameters used to model the technologies are shown in Tables
1 and 2. Except for the minimal load factor of the CHP, the data is
derived from literature. The minimal load factor of the gas turbine is
dictated by the equipment installed in the paper mill, and in line with
the proposed 50% operational flexibility by Voll et al. [20]. Appendix
C shows how the results would look like for more flexible CHPs.

2.4. Reference utility system

The fossil fuel-based legacy utility system described in 2.1 is the
reference system of this study. The reference system’s total cost is
its operational cost, which is calculated according to the cost-optimal
operation of the system as described in Eq. (8). The total cost of the
reference system is the sum of the costs for grid power and NG use. The
cost for grid power use is a function of the electricity price at time ¢ and
the difference between electricity consumed by the process Py process(t)
minus the power generated by the GT and sold to the grid, Pgr,g (0.
The cost for NG consumption is a function of the natural gas price at
t and the gas used by the gas turbine and the boiler, NGgri,(#) and
NGepin(0)-

t=16000

Total Cost = min Z

<pel, grid(t) - At - (Pgr,process(t) - PGT,gr(t)) (8
t=0

+ Prg(0) - 4+ (NGarin®) + NG in() )

The same technical parameters and constraints are used as in the
optimisation model described in 2.2. All equations used are shown in
Appendix D.2.

2.5. Scenarios with differing techno-economic assumptions

The optimisation model is run for a number of energy price scenar-
ios and technology cost (TC) scenarios since the design of an electrified
utility system depends on capital and operational costs, and both
are subject to uncertainties. The scenario tree containing all explored
scenarios is included in the Appendix (Fig. A.15).

2.5.1. Energy price scenarios

Three uncertainties have been addressed in this paper, namely
(1) The average energy price because of the trade-off between in-
vestment and operational cost, (2) energy price variability because
of the potential value of flexibility in the utility system, and (3) the
electricity-to-gas price ratio (EGR) because PtH technologies compete
with existing gas-based technologies. To understand the impact of these
uncertainties, several energy price scenarios were designed.

The average electricity price for the ‘low mean’ scenario is 30 euro/
MWh and is based on the average price of electricity on the Dutch
day-ahead market in 2020 [31]. The mean electricity price of the ‘high
mean’ scenario is 100 euro/1u MWh and is based on 2023 data from
the same market [31]. The electricity price volatility (its variance) is
included via two scenarios, i.e. with a low variance, based on 2019
data, and with a high variance, based on 2023 (Dutch day-ahead mar-
ket) data [31]. A combination of the two mean and the two variance
scenarios leads to four electricity price scenarios. The abbreviations
used in the first column of Tables 3 and 4 are based on the mean price
and the level of price variance of the respective scenario. The scenario
with a low mean price and high levels of price variance, for example,
is named ‘LMHV’ (‘Low Mean High Variance’).

Two gas price scenarios are added to each electricity price sce-
nario to explore the impact of the EGR. One scenario has cheaper
gas than electricity prices, based on the average EGR (including EU
ETS allowance price) in 2023 of 1.6 (see data in [31-33]). Note that
companies in the Netherlands did not have to pay for all of their
CO, emissions and that including free allocation rights would result
in an EGR of > 2 in 2023. For the second scenario, an EGR of 1
was assumed to simulate scenarios with increased gas use prices. The
gas price profiles are based on Dutch TTF market data [32] and were
adapted to have a mean price matching the desired EGR. To avoid
negative gas prices, the gas price is capped at 10 euro/MWh, which
aligns with the lowest price in the period 2021 to 2024 (see data
in [32,34]). 17 euro/MWhyg (85 euro/toncg,) are added to the gas
price, mimicking prices in 2023, to include the cost of purchasing CO,
emission certificates to the cost of using natural gas [35]. This CO, price
is used in all gas price scenarios.

Tables 3 and 4 provide information about the resulting price sce-
narios. All price profiles are shown in Figs. A.11 to A.14 in Appendix
A.
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Electricity price and negative price statistics in the energy price scenarios.

Scenario EGR Electricity Price

Negative Prices

Mean Variance Number of hours Average Value
(Euro/MWh) (Euro/MWh)? (Euro/MWh)
LMLV 1.6 30 127 30 —-6.82
1 30 127 30 —6.82
LMHV 1.6 30 2,405 1,641 —43.67
1 30 2,405 1,641 —43.67
HMLV 1.6 100 127 - -
1 100 127 - -
HMHV 1.6 100 2,405 155 —47.46
1 100 2,405 155 —47.46
Table 4

Natural gas use cost and hours when the electricity price is lower than the gas cost (including the price for

emitting CO,).

Scenario EGR Natural Gas Use Cost Electricity Price < Gas Cost
Mean Variance Number of hours
(Euro/MWh) (Euro/MWh)?
LMLV 1.6 35.75 10 6,649
1 47 10 8,269
LMHV 1.6 35.75 113 4,431
1 47 113 5,814
HMLV 1.6 79.5 10 121
1 117 10 8,269
HMHV 1.6 79.5 113 1,945
1 117 113 5,816
Table 5
Technology cost scenarios.
Technology Technology cost per scenario Reference Lang Factor
‘HighHP-LowRest’ ‘LowHP-HighRest’
EIB 60 euro/kW 60 euro/kW [22] 1
HP 500 euro/kW 300 euro/kW [7] 3
Battery 180 euro/kWh 320 euro/kWh [28] 2.5
Thermal Energy Storage 15 euro/kWh 40 euro/kWh [37] 2.5
Electrolyser 760 euro/kW 980 euro/kW [23,38] 1
Hydrogen boiler 35 euro/kW 35 euro/kW [26] 2
Hydrogen storage 10 euro/kWh 10 euro/kWh [27] 4

2.5.2. Technology cost scenarios

In this study, the cost for new equipment is the product of the
technology cost and its installation cost factor. The technology cost
was based on a literature review and is shown in Table 5. The in-
stallation cost factors were taken from Sinnot and Towler [36]. HPs
were considered to be a collection of compressors (2.5) and heat
exchangers (3.5), storage technologies miscellaneous equipment (2.5).
The hydrogen boiler was considered a gas-fired boiler (2), and the
hydrogen storage a pressure vessel (4). For the EIB and the electrolyser,
a factor of 1 was used as the technology cost was derived from a
reference, which had already included the installation cost.

Two technology cost scenarios (TC scenarios) are explored to ac-
count for the uncertainty of the TC of Bat, TES, H2E and HP. The
technology cost of the EIB, the H2B and the H2S were kept the same for
both the high- and low technology cost scenarios, as these technologies
are mature and less price development is expected than for the remain-
ing technologies. The first scenario favours installing HPs by assuming
low HP costs and high costs for other equipment (‘LowHP-HighRest’). In
the second scenario, it is the other way around, i.e. HP costs are high,
and the cost of the remaining equipment is low (‘HighHP-LowRest’).
The ranges in technology cost deliberately span a wide range for the
purpose of exploring the impact of these cost scenarios on the operation
and sizing of the utility system.

3. Results and discussion

In Sections 3.1 to 3.4, the cost-optimal utility systems for the energy
price scenarios are presented, and it is discussed how they differ from
each other and the respective reference systems. In Section 3.5, the
sizing of new equipment across scenarios is discussed.

3.1. Cost-optimal utility systems for energy price scenarios with low mean
and low variance

This scenario explores the electrification of the utility system if the
prices are low and have low fluctuations. Table 6 shows that, while
EIB and TES are installed for all values of the EGR and TC scenarios,
HPs are only installed in the ‘LowHP-HighRest’ scenarios. No HPs are
installed in the ‘HighHP-LowRest’ scenario. Since the same trends in
technology choice and sizing can be observed in both EGR scenarios,
only the operation of the systems in the ‘EGR 1.6’ scenarios is discussed
in detail.

In the TC scenario with high HP cost (‘HighHP-LowRest’), shown in
Fig. 4(a), the CHP operates 97% of the time at its minimum possible
load (30% of its thermal capacity) and ramps up to full capacity only
when electricity prices are higher than 3 times the average price. The
power generated by the CHP is either sold to the power grid when
electricity prices are high or directly fed to the paper mill (herein
referred to as the process) and the EIB when electricity prices are low.
The heat generated by the CHP goes to the process, and excess heat
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Table 6
Installed PtH and storage capacities in the energy price scenarios with low mean and variance.
EGR TC scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 14 24 0
LowHP-HighRest 5 5
1 HighHP-LowRest 14 28 0
LowHP-HighRest 6 5
Natural Gas CHP Natural Gas CHP
59,387 59,387 J 56,155 56,155
I \ Heat demand Heat demand
EIB 109,471 \ Heat pump 109,472
82,068 \ 61,414 b
\ \ - Grid electricity \
\ TES AN
Grid electricity |\\ 22,180 45,295 \\\\.\ 20E|3804
79,046 <3 \ s
Electric demand S Electric demand
0 10,947 10,947
Electricity to grid Electricity to grid
3,709 370
Environement Environement
12,342 11,636
Excess electricity Excess electricity
31 259
Excess heat Excess heat
6 191

(a) TC scenario 'HighHP-LowRest’

(b) TC scenario "LowHP-HighRest’

Fig. 4. Energy exchange in [MWh] in the utility systems for the energy price scenario with low mean prices, low variance and EGR 1.6.

goes to the TES. 6% of the time, when electricity prices are very low,
all energy from the CHP goes to the TES (directly or via the EIB). Power
and heat are wasted (neither used nor stored) when the electricity
price reaches its negative peak, to consume as much electricity as
possible with the EIB. The EIB operates 68% of the time and supplies
roughly 50% of the total heat demand, as Fig. 4(a) shows. It charges
the TES when either heat demand is low enough and excess heat is
available, electricity is cheap enough to allow for cost-effective use
of the maximum capacity of the EIB, or when electricity prices are
negative. Around 25% of the power for the EIB is supplied by the CHP
(see Fig. 4(a)). The TES supplies heat to the process during hours with
a heat demand exceeding the minimal heat output by the CHP and
electricity prices that render using the EIB unfavourable.

When an HP is installed, like in the ‘LowHP-HighRest’ TC scenario
shown in Fig. 4(b), the CHP still operates at its minimal load 97% of the
time. In this scenario, the HP is the main heat supplier next to the CHP,
as Fig. 4(b) shows. It operates 94% of the time, mostly at full capacity
(its load factor, i.e. the total energy supplied in one operational year
over the installed capacity times the number of operational hours, is
92%). Only during peak heat demand and a relatively high electricity-
to-gas-price ratio, e.g., 2, is the HP turned off, and the CHP delivers all
heat required by the process. This, however, only happens 3% of the
time. As Fig. 4(b) shows, the CHP supplies approximately two-thirds of
the power the HP requires to run and delivers almost half of the power
the EIB uses. The TES supplies heat to the process at peak heat demand.
It is charged mainly by the CHP and the HP. The EIB charges the TES
only when electricity prices are very low, and the HP is operating at full
capacity, which happens 5% of the time. The EIB operates for a similar
amount of hours as in the previous scenario but contributes less to the
heat demand of the process than before (compare the two diagrams
in Fig. 4) as it supplies heat to the process during peak demand when
the electricity prices are low, or the TES is empty. The gas boiler is
used only 2% of the time and operates for two reasons. Either to supply
heat demand exceeding what the EIB, TES, HP and CHP operating at
minimal load combined can deliver (maximum 16 MW) and electricity

prices or PtH capacities do not allow storing the additional power from
the CHP, or it is used instead of the EIB when electricity prices are
much higher than gas prices (e.g., 1.5 times higher).

Finally, compared to the reference utility system, less power is sold
to the grid in the new systems, as Table 7 shows. The combination of
PtH technologies and TES would enable an economically more efficient
use of the power generated by the CHP. This is also illustrated by
the reduced total use of energy (see Table 7) and the consequent cost
savings.

3.2. Cost-optimal utility systems for energy price scenarios with low mean
and high variance

As Table 8 shows, only ElBs and TES are installed in the scenarios
with low mean and high variance energy prices. The capacities of the
installed EIBs come close to the available grid connection capacity of
30 MW to exploit periods of low electricity prices. Note that the lowest
price peaks are stronger than in the scenario discussed in the previous
section (see ‘Negative Price’ column in Table 3 and Figs. A.11 to A.14).
The high price variance also results in TES units from 55 to 112 MWh,
a strong increase compared to the TES capacities in the scenarios in
3.1. The cost of the TES has a strong impact on its size as its capacity
in the ‘HighHP-LowRest’ scenarios is about twice as big as in the
‘LowHP-HighRest’ scenarios.

Scenario ‘EGR 1, HighHP-LowRest’ is shown in Fig. 5 as an exem-
plary scenario of the energy price scenarios with low mean and high
variance. The CHP operates similarly to the ‘HighHP-LowRest’ scenario
in 3.1. The TES enables selling excess power from the CHP to the grid
when electricity prices are high, while the CHP operates at its minimum
possible load as the TES supplies heat to the process when the demand
exceeds what the CHP can generate at minimal load. The TES is either
charged by the CHP when demand is lower than the heat generated
by the CHP at minimal load or by the EIB when electricity prices are
low. Fig. 5 shows that the EIB is predominantly used to charge the TES.
Table 9 shows that an increase in gas prices leads to a decreased use of
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Total annual cost (TAC), savings in TAC compared to the reference system, energy consumption including gas and power from the grid, and
power sold to the grid in the energy price scenarios with low mean and variance.

EGR System TC TAC TAC reduction NG to system Power grid to system System to power grid
scenario [Million euro] [%] [GWh] [GWh] [GWh]
1.6 Ref. - 5.9 196.5 0.02 35.1
New HighHP-LowRest 4.9 16.9 109.9 43.4 8.6
New LowHP-HighRest 4.9 16.9 107.9 21.1 3.8
1 Ref. - 8.1 195.2 0.02 34.2
New HighHP-LowRest 6.1 24.7 105.3 45.7 7.2
New LowHP-HighRest 6.1 24.7 105 20.5 2.7
Table 8
Installed PtH and storage capacities in the energy price scenarios with low mean and high variance.
EGR TC scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 29 103 0
LowHP-HighRest 28 55 0
1 HighHP-LowRest 29 112 0
LowHP-HighRest 28 61 0
Natural Gas CHP Heat demand
115,438 | 115,438 109,472
TES
39,847
Electric demand
10,947
Grid electricity Electricity to grid
61,701 16,612
Environment
24,011
- Excess electricity
5,082
m Excess heat
8,387

Fig. 5. Energy exchange in [MWh] in the utility systems for the energy price scenario with low mean prices, high variance, EGR 1 and TC scenario ‘HighHP-LowRest’.

Table 9

)

Total annual cost (TAC), savings in TAC compared to the reference system, energy consumption including gas and power from the grid, and
power sold to the grid in the energy price scenarios with low mean and high variance.

EGR  System TC TAC TAC reduction NG to system  Power grid to system  System to power grid
scenario [Million euro] [%] [GWh] [GWh] [GWh]
1.6 Reference - 5.4 207.1 1.9 36.4
New HighHP-LowRest 2.6 51.9 134.8 53.5 23.5
New LowHP-HighRest 3.1 42.6 139.7 50.6 24.0
1 Reference - 7.7 201.1 1.9 32.5
New HighHP-LowRest 4.0 48.1 115.4 61.7 15.8
New LowHP-HighRest 4.5 41.6 117.5 60.2 16.6

the CHP. This explains the slightly larger TES capacities in the ‘EGR 1’
scenarios compared to those in the ‘EGR 1.6’ scenarios. The electrified
utility systems lead to a higher reduction in TAC than the scenarios with
a low price variance (compare Tables 7 and 9). This illustrates that the
value of the flexibility to choose the energy carrier is higher than in
the scenarios with lower price variance. Since EIB capacity is cheaper
than HP capacity, the model chooses to install large over-capacities of
EIB combined with large storage capacities to maximise the flexibility
of the utility systems. Finally, more power is sold to the grid than in

the scenarios with a low variance because the peaks of the electricity
price profile are higher (see Table 9).

3.3. Cost-optimal utility systems for energy price scenarios with high mean
and high variance

Table 10 shows the installed technologies for the scenarios with
high variance and high average prices. Compared to the scenarios
discussed previously, additional investments are made, and the capac-
ities installed show larger differences between the sub-scenarios. HP
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Table 10
Installed PtH and storage capacities in the energy price scenarios with high mean and high variance.
EGR TC scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 31 113 2
LowHP-HighRest 10 15 8
1 HighHP-LowRest 26 97 6
LowHP-HighRest 9 17 9
Heat pump
10,540 Heat demand
Y = 109,471
Natural Gas CHP TES
148,200 = 148,201 = 31,089
27,867
X

Grid electricity
25,815

Electric demand
10,948

Electricity to grid
25,951

Environement
30,826

Excess electricity
252

Excess heat

323

Fig. 6. Energy exchange in [MWh] in the utility systems for the energy price scenario with high mean prices, high variance, EGR 1.6 and TC scenario ‘HighHP-LowRest’.

capacities range from 2 to 9 MW,,, TES from 15 to 113 MWh and EIB
from 9 to 31 MW,,,.

The combination of a high HP price and low gas cost in the ’EGR 1.6,
HighHP-LowRest’ sub-scenario results in the highest consumption of
natural gas among all cost-optimal utility systems. The resulting energy
flows are shown in Fig. 6. The figure shows that most electricity gener-
ated by the CHP is sold to the grid, which can be explained by the high
electricity prices in this scenario (price peaks reach 470 euro/MWh),
which make selling power economically more attractive than storing it
in the form of heat for later use. The figure also shows that the EIB
supplies more heat than the HP, unlike in other scenarios with EIB
and HP instalments, such as the one shown in Fig. 4(b) in 3.1. This
is because the combination of EIB and TES allows more flexibility at
lower costs than a combination of HP and TES, as explained in the
previous section. As a result, only a small HP of 2 MW, is installed.
When electricity prices are negative, the EIB operates at full capacity
instead of the HP because the EIB is less efficient and consumes more
electricity, which is beneficial when prices are negative.

The technology portfolio and operation of the utility system in the
‘EGR 1, LowHP-HighRest’ sub-scenario is very different, as Fig. 7 shows.
In this scenario, the CHP delivers half of what it did in the HighHP-
LowRest scenario depicted in Fig. 6, as the thermal output by the EIB
doubles and that of the HP nearly triples.

The energy use across the sub-scenarios differs greatly, as shown
in Table 11. Even more power is sold to the grid than in the scenario
discussed in 3.2, because (mean and peak) electricity prices have
increased. In the ‘EGR 1.6 HighHP-LowRest’ sub-scenario, this results in
more power being sold to the grid than consumed. The relative savings
in TAC differ by a factor of almost 2 between the EGR scenarios.

3.4. Cost-optimal utility systems for energy price scenarios with high mean
and low variance

Table 12 shows that in the scenarios with high mean price and low
variance, HPs and TES units are installed in all scenarios. The HP size

is 8 or 9 MW, while TES capacities range from 6 to 24 MWh. ElBs are
only installed in scenarios with an electricity-to-gas-price ratio of 1 and
their capacity is limited to 2 MW.

The CHP operates at minimal capacity most (i.e. 95%-100%) of
the time across all sub-scenarios. The heat from the CHP is fed to the
process, whereas its power is used to drive the HP, the process itself and
the EIB, if installed. When the process demands little heat and power,
power from the CHP is sold to the grid because electricity prices are
high and storage capacity is limited. The HP operates as a baseload
heat supply next to the CHP, as shown for scenario ‘EGR 1, HighHP-
LowRest’ in Fig. 8. When heat demand is low, the HP is used to charge
the TES. About 8% of the time, the HP is off because the CHP alone
provides enough heat. In the ‘LowHP-HighRest’ scenarios, HP capacity
increases while the TES capacity decreases. Since the load factor of the
HP in this scenario is up to 10% lower than in the scenario discussed in
3.1, this means that the HP becomes economically viable at high mean
electricity prices even when it is not operated at maximum capacity
throughout the year.

Table 13 shows that in all sub-scenarios, around 3 GWh are sold to
the grid, which is less than in all other scenarios and less than one-
tenth of the amount sold by the CHP in the reference model. This is
due to the use of electricity from the CHP to power the HP. Like in
the energy price scenario with high mean and variance (Section 3.3),
the relative savings in TAC differ by a factor of 2 between the EGR
scenarios, reflecting the difference in gas prices. This can be explained
by the amount of natural gas consumed, which is relatively similar in
both scenarios (see Table 13).

3.5. Equipment sizing

Fig. 9 shows the normalised equipment sizing of the ElBs, the HPs
and the TESs in all considered scenarios. The small overlap between
the PtH technologies shows that, in most cases, either HPs or ElBs are
installed, and rarely both. Large HPs are predominantly installed in
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Grid electricity
66,436

CHP
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52,728 S

Heat demand
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Heat pump
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10,947
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7.339

Environement

14,867

Excess electricity
= 2,668

Excess heat

5,244

Energy 335 (2025) 137679

Fig. 7. Energy exchange in [MWh] in the utility systems for the energy price scenario with high mean prices, high variance, EGR 1 and TC scenario ‘LowHP-HighRest’.

Table 11

Total annual cost (TAC), savings in TAC compared to the reference system, energy consumption including gas and power from the grid, and
power sold to the grid in the energy price scenarios with high mean and high variance.

EGR  System TC TAC TAC reduction NG to system  Power grid to system  System to power grid
scenario [Million euro]  [%] [GWh] [GWh] [GWh]
1.6 Reference - 11.8 210.5 0.2 45.0
New HighHP-LowRest 9.9 16.1 148.2 25.8 26.0
New LowHP-HighRest 9.9 16.1 121.0 11.3 26.0
1 Reference - 19.4 196.8 0.2 34.8
New HighHP-LowRest  14.2 26.8 105.5 22.0 3.7
New LowHP-HighRest  14.0 27.8 105.2 14.7 4.1
Table 12
Installed PtH and storage capacities in the energy price scenarios with high mean and low variance.
EGR TC scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 0 19 8
LowHP-HighRest 0 6 9
1 HighHP-LowRest 2 24 8
LowHP-HighRest 2 7 9
Natural Gas CHP Heat demand
104,631 104,631 I / 109,472
/
Heat pump /
56,315 jf
/
&= TES
- 7,455
Electric demand
£ 10,947
- Electricity to grid
2,446
Grid electricity )
11,386 I EIB Environment
: )
2,070 21,763

Fig. 8. Energy exchange in [MWh] in the utility systems for the energy price scenario with high mean prices, low variance, EGR 1 and TC scenario ‘HighHP-LowRest’.

10



S. Bielefeld et al.

Table 13

Energy 335 (2025) 137679

Total annual cost (TAC), savings in TAC compared to the reference system, energy consumption including gas and power from the grid, and
power sold to the grid in the energy price scenarios with high mean and low variance.

EGR  System TC TAC TAC reduction NG to system  Power grid to system  System to power grid
scenario [Million euro] [%] [GWh] [GWh] [GWh]
1.6 Reference - 12.0 202.1 0 39.5
New HighHP-LowRest  10.7 11.3 109.3 8.5 2.9
New LowHP-HighRest 10.2 15.4 107.5 10.1 3.5
1 Reference - 19.4 195.0 0 34.1
New HighHP-LowRest  14.6 24.6 104.6 11.4 2.5
New LowHP-HighRest  14.1 27.2 104.6 12.0 3.5
High Price Variance
EGR1LHP EGR 1.6 LHP @EB
aHP
EGR 1HHP EGR 1HHP
aTES
EGR 1.6 LHP EGR1LHP
Low High
Mean EGR1GHHP EGR1G6HHP Mean
Price Price
EGR 1LHP EGR 1.6 LHP
EGR 1HHP EGR 1HHP
EGR 1.6 LHP EGR1LHP
EGR 185 HHP

Low Price Variance

Fig. 9. Overview of normalised installed capacities across all scenarios. The right half of the diagram shows the installed capacities in energy price scenarios with a high mean

price, and the upper half for scenarios with a high price variance.

scenarios with high mean prices on the left side of Fig. 9, and large
ElBs are predominantly installed in the case of low and volatile energy
prices, depicted on the right side of the figure. The large ElBs are com-
bined with large TES, sized according to equipment cost. The highest
HPs are installed when prices are, on average, high and show small
fluctuations (‘High mean low variance’ scenarios). In these scenarios,
neither the relative HP cost nor the electricity-to-gas price ratio leads to
significant changes in the HP capacity. The large HPs in these scenarios
are economically viable despite lower load factors because higher mean
electricity prices lead to overall higher operational costs, which in turn
leave more room for additional investment that enables operational
cost savings.

Fig. 9 shows that Elb and HP capacities are combined in the energy
price scenarios with a low mean and low variance (LMLV), and with
a high mean and a high variance (HMHV). In the LMLV scenarios, HP
and EIB capacities are low, as energy prices are too low to justify the
investment in HPs and too stable for large ElBs. In the HMHV scenarios,
the large positive and negative price peaks lead to a large (26 MW) EIB
capacity alongside a 6 MW HP and a 97 MWh TES when the equipment
cost of the HP is high (‘(HMHV HighHP-LowRest’). The HP load factor
ranges from 78 to 92%, which means that the HP operates as base load
technology next to the CHP and confirms that high mean energy prices
are required for the installation of HPs.

11

When an HP is installed, its size is affected by the EGR when HP
capacities are below 5 MW, as seen in Table 10. Higher capacities
of the HP are installed when the mean gas price is equal to the
electricity price because switching from gas to electricity use leads
to higher cost savings than in the scenarios with a lower gas price.
The observed threshold of 5 MW can be explained by looking at Fig.
10. The curve declines sharply around 12 MW. Since the CHP has to
operate at minimal load at all times, the steady heat output of the
CHP of around 6.5 MW reduces the heat that is required during around
7000 h per year to 5.5 MW. HPs that operate above 5.5 MW, therefore,
operate with a lower load factor and are only economically viable under
HP-favourable conditions, i.e. high mean electricity prices. HPs that
operate under those conditions are less sensitive to the EGR.

4. Limitations of the study

Though the results provide valuable insights for electrifying util-
ity systems for the energy-intensive industry with fluctuating energy
demand, the chosen method, assumptions, and scenarios have limita-
tions. This section addresses them, offering important considerations
for interpreting the results of this study.

The selected energy price scenarios are based on the assumption
that companies pay for all their CO, emissions. Allowing free allocation
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Fig. 10. Heat demand duration curve with the minimal heat output by the CHP and the added capacities by the HP and EIB in the HMHV EGR 1 HighHP-LowRest scenario.

of CO, permits would increase the EGR and likely limit the electrifica-
tion technologies’ economic viability. Additional price scenarios could
be added to the analysis to explore “tipping points” for increasing levels
of electrification.

Including the cost of energy transport in the model, such as network
cost and peak tariffs, is also likely to affect the capacities and may
reduce the share of electrification seen in the results. The authors
expect that the effect would be more significant for the EIB capacity
due to its less efficient use of electricity compared to an HP. Peak tariffs
would likely lead to decreased EIB and TES capacities because they
disincentivise the consumption of large amounts of power. However,
transport costs would not need to be added to the consumption of
power generated by the CHP. Therefore, it would not affect the power
exchange between the CHP and the PtH technologies, which is high in
the systems presented. Hence, (partial) electrification of utility systems
is likely still cost-optimal if grid use costs were included in the model.

The explored energy price scenarios do not account for energy
price uncertainty since the system has perfect foresight. Accounting
for operational difficulties any system encounters in the real world,
where prices might deviate from the forecast, would result in capacities
different from those presented, especially those of the storage units.
Stochastic programming could be used to explore this aspect in future
studies.

The main objective of the model is to minimise the total annual
cost of the utility system. While this performance indicator provides
valuable insights, other aspects, such as payback time and environ-
mental impact, have not been considered, despite their importance
to industry [39]. Including these indicators will likely result in other
optimal solutions. The CO, emissions related to grid electricity (scope
2 emissions) are currently not considered in the model as they are case-
specific and subject to change due to the ongoing decarbonisation of the
national power generation. The model could be extended to include
multiple objectives to explore the trade-offs between CO, emission
reduction and TAC. This would likely result in higher PtH capacities,
especially HP capacity, because of their conversion efficiency.

The sizing of the HP, EIB and other technologies also depends on the
selected discount rate of 10%, and the absence of eventual retrofitting
costs for the CHP in the model. A lower discount rate would incentivise
investments and lead to larger installed capacities. The need to invest in
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the CHP due to required maintenance or retrofitting would likely have
a similar effect. Larger PtH and storage capacities were also observed
in model runs without the constraint limiting the CHP’s operation to a
minimum of 30% of its capacity. These results and a brief discussion
are included in Appendix C. They indicate that more flexible CHPs
would likely supply less energy to the process lead to higher levels of
electrification in the utility system.

In this study, a CHP exists before electrifying the utility system.
Since the results show that PtH and storage technologies use power
generated by the CHP, the results would change if the CHP did not
exist.

The model was used to study the optimal electrification of a utility
system for a paper mill with a grid connection capacity of 30 MW,
which exists because of the plant’s previous role as energy supplier. The
size of the grid connection affects the sizing of the PtH technologies.
The results show that the EIB is sized to this capacity when energy
prices are highly volatile. Hence, a smaller connection capacity would
result in a smaller EIB. As a consequence, the TES would be charged less
and potentially scaled down. The size of the grid connection is likely
to also affect the sizing of the HP, but only in cases when the HP’s size
exceeds that of the grid connection.

The variable operation of the utility system result in part-load
operation of the PtH technologies. While this is not expected to affect
the EIB, it would lead to a suboptimal efficiency of the HP. However,
a change in the HP’s efficiency in part load operation is neglected
in the model to decrease its complexity. Accounting for it could lead
to changes in HP capacity. Either the capacity would decrease while
operation at full capacity would be increased, or the capacities would
remain, but the share of heat generation of the HP would increase by
reducing the use of any of the other technologies.

Finally, the TES in this study is modelled based on a latent heat
storage unit with isothermal operation. This technology was selected
based on the isothermal temperature supply by the HP for effective
implementation [40]. When multiple TES systems were to be consid-
ered, the high-temperature potential of direct electrification could be
combined with sensible heat storage that comes at a lower cost than
latent heat storage [27]. The option for cheaper TES capacity might
lead to higher EIB capacities.
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5. Conclusions and recommendations for future work List of abbreviations
Bat Battery
This study presented an analysis of the influence of energy prices
e . . s . CaPex Capital expenditure
on the electrification of industrial utility systems for processes with .
highly variable energy demand. To this end, energy price profiles with CHP Comblnec! hf.}at and power plant
’ CoO, Carbon Dioxide

differing average prices and variances and technology cost scenarios COP Coefficient of performance
were explored. The analyses were carried out for a paper mill in the EGR Electricity-to-gas price ratio
Netherlands with an existing utility system comprising a CHP and a EIB Electric boiler
connection to the national power grid of 30 MW. EU ETS EU Emissions Trading System

The results show that under the assumed technical and economic GB Gas boiler
conditions (presented in Tables 3-5), electrification reduces the to- GHG Greenhogse 8ases

GT Gas turbine

tal annual cost by between 11 and 52 per cent. The model added H2 Hydrogen
heat pumps and/or electric boilers and thermal energy storage to H2B Hydrogen boiler
the existing utility system; batteries and hydrogen technologies were H2E Electrolyser
not selected. A sensitivity analysis, presented and briefly discussed in H2S Hydrogen storage tank
Appendix B, shows that the cost for the electrolyser capacity has to HMHV High Mean High Variance
decrease by between one and more than three orders of magnitude HMLV High Mean Low Variance
(depending on the energy price scenario) to become part of the cost- HP Heat pump
optimal technology portfolio. The difference between the scenarios is HRSG Heat recovery steam generator
likely due to the number of hours with negative electricity prices, LMHV Low Mean High Valjiance

R LMLV Low Mean Low Variance
which allow the system to generate revenues because of the losses NG Natural gas
in hydrogen production. The fact that hydrogen is not picked up by OpEx Operating expense
the model can thus be explained by the high upfront cost. Therefore, PtH Power-to-heat
we conclude that for the explored energy price and technology cost TAC Total Annual Cost
scenarios, hydrogen as an energy carrier is not required for cost-optimal TC Technology Cost
electrification, as long as temperature requirements do not exceed what TES Thermal energy storage
electric boilers and heat pumps can deliver. Using hydrogen might TTF Title Transfer Facility
become more interesting when energy prices are high for extended
periods of time, and the required storage capacity would become larger, Nomenclature
as hydrogen storage costs are lower than the cost for alternative means
of energy storage. Nomenclature of parameters and variables

The heat supplied by the CHP is reduced to the minimum possible
amount in most scenarios and replaced by power-to-heat and storage Symbol Explanation Unit
technologies. By using a large share of the power generated by the CHP Time-dependent variables (per time step)
to run the power-to-heat technologies, the amount of power sold to the Hcypoue(t)  Heat output from the combined heat ~ MW
grid is reduced compared to the reference case without power-to-heat and power unit
and storage technologies. Hyp o(t)  Heat output from the heat pump MW

Hyp ot (1) Heat produced by the combined heat MW

Heat pumps are sized based on the process’s heat demand dura- R
and power unit

tion curve, the minimal load of the CHP and the mean energy price.

Hieh and stabl s lead to the 1 + installed hout NG, (1) Quantity of natural gas consumed MW
igh and stable energy prices lead to the largest installed heat pump ) ; :
capacities. Lower energy prices limit the profitability of the investment- ]]:/](G;z:: g; Eztﬁii gzz EEEE Ez Eﬁg g:z Ei,?f;?e ﬁx
intensive heat pump and result in smaller capacities. The impact of the Pgr,i(t)’ Power from the power grid to MW
relative technology cost of heat pumps on their size increases with the technology i
variance of energy prices because the heat pump competes with the Py g (D) Power from technology i to the power MW
electric boiler and thermal energy storage, which have a lower cost and grid
are, therefore, the cheaper peak technology. Pgr,process(1)  Power from the power grid to the Mw
process
The size of the electric boiler is mainly defined by the variance Py ge() Power from the gas turbine to the MW
of electricity prices and is limited by the size of the grid connection power grid
and the thermal energy storage capacity. The operation of all compo- PGt process(!)  Power from the gas turbine to the MW
nents is a function of the electricity-to-gas-price ratio and the absolute process
electricity price. PG1 bat (1) Power from the gas turbine to the MW
It is recommended to further study utility system electrification. The battery
presented model can serve as a basis for future research, which should Pup () Power flow to the heat pump Mw
explore valuing flexibility by (a) assessing different energy markets Sizing variables
(e.g., imbalance markets) and (b) providing grid services. Moreover, in- s; Size of technology i MW or MWh
cluding uncertainty in the analysis would add further understanding of Time-dependent parameters
optimal electrification strategies for industries with fluctuating energy PeLgria ) Electricity price at time 7 Eur/MWh
demand.
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Prng(®) Natural gas price at time 7 Eur/MWh
Hgen (@) Heat demand of the process at time ¢ MW
Piem(® Power demand of the process at time ¢ MW
Constants
AF; Annualisation factor of technology i -
¢ Capital cost of component i Eur/unit
COP;geal Carnot Coefficient of Performance -
Hdem max Maximal heat demand MW
Inf; Installation or Lang factor of -
technology i
LT; Lifetime of component i years
r Discount rate %
Tsink Temperature of the heat sink of the K
heat pump
Tyource Temperature of the heat source of the K
heat pump
At Time step duration h
n Efficiency -
Hi th Thermal efficiency of technology i -
i el Electric efficiency of technology i -
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Appendix A. Energy price and technology cost scenarios

To study the impact of changes in the energy and technology
cost on the results of the model sixteen scenarios were formulated.
Figs. A.11 to A.14 show the energy price profiles in these scenarios,
presented in 2.5.1. Fig. A.11 depicts the energy prices in the LMLV
scenario. It clearly shows the difference in volatility between the elec-
tricity prices (EP) and the gas prices (GP). Moreover, it shows how the
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two gas prices differ in the EGR scenarios, with the ‘EGR 1’ being the
scenario with the highest average price. The ratio between the GP in
EGR 1 and the GP in EGR 1.6 is the same in Figs. A.12 to A.14. Fig.
A.15 shows how the different energy price scenarios are combined with
the technology cost scenarios.

Appendix B. Electrolyser technology cost sensitivity analysis

To enhance the understanding of why hydrogen is not selected by
the model in any of the results presented in Section 3, a sensitivity
analysis of the electrolyser cost was carried out. The two energy cost
scenarios with the highest deviation in terms of electricity prices were
selected for the analysis: ‘Low Mean High Variance’ with EGR 1.6 and
‘High Mean High Variance’ with EGR 1. In both cases, the TC scenario
unfavourable for HPs and favourable for alternative technologies, such
as the electrolyser, was chosen. The technology cost of the electrolyser
was decreased until hydrogen was picked up by the model. The cost was
decreased by one order of magnitude at the time until hydrogen started
appearing in the technology portfolio. Then, the price was increased
again. For the ‘Low Mean High Variance’ scenario, the step size was
increased by halving the difference between the steps until the tipping
point was found to be at 9% of the original technology cost. For the
‘High Mean High Variance’ scenario, the cost first had to be decreased
to 0.1% of the original cost (76 euro/MW). Subsequently, the cost was
doubled, and then decreased by steps of 50 euro/kW. The results of the
sensitivity analysis for which hydrogen is and is not part of the cost-
optimal technology portfolio are presented in Tables B.14 and B.15. For
the ‘Low Mean High Variance’ energy price scenario, with relatively
many negative electricity price hours, the cost has to decrease more
than one order of magnitude, from 760 euro/kW to 68.4 euro/kW. For
the ‘High Mean High Variance’ scenario, the cost has to be as low as
0.2 euro/kW.

Appendix C. Results without the minimal load constraint of the
CHP

Tables C.16, C.17, C.18, and C.19 show the technology portfolio of
the cost-optimal utility system if the CHP operation is not constrained
and can shut down completely. Omitting this constraint and accepting
it, though not accounting for the increase in maintenance cost, results
in the following changes to the sizing and operation of the PtH tech-
nologies. For low and stable electricity prices, more PtH technologies
are installed (see Table C.16). The size of the HP increases with the
previous minimal capacity of the CHP. The combined capacity of TES
and EIB increases by a factor of 2. When price fluctuations increase,
the change in capacities is limited as the size of EIB and the TES are
already limited by the grid connection capacity of the system (see
C.17). Nevertheless, less natural gas is consumed overall. When the
mean energy price increases, the size of the EIB reduces, the capacity of
the TES remains the same, and the size of the HP increases compared
to the scenario with the CHP constraint (see C.18). Reducing price
fluctuations whilst maintaining the high mean energy price results in
the same increase in HP capacity, whilst the capacities of the TES and
EIB remain relatively unchanged (see C.19). Though the total natural
gas consumption is reduced in all scenarios when the CHP is allowed
to shut down completely, complete electrification is only cost-optimal
in the scenario with high mean prices, low price fluctuations and a low
electricity-to-gas-price ratio.
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Fig. A.11. The electricity (EP) and gas (GP) prices for the electricity-to-gas ratio (EGR) of 1.6 and 1 for the 'Low Mean Low Variance’ scenario.
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Fig. A.12. The electricity (EP) and gas (GP) prices for the electricity-to-gas ratio (EGR) of 1.6 and 1 for the ‘Low Mean High Variance’ scenario.
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Fig. A.13. The electricity (EP) and gas (GP) prices for the electricity-to-gas ratio (EGR) of 1.6 and 1 for the ‘High Mean High Variance’ scenario.
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Fig. A.14. The electricity (EP) and gas (GP) prices for the electricity-to-gas ratio (EGR) of 1.6 and 1 for the ‘High Mean Low Variance’ scenario.
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Fig. A.15. Scenario tree considering the mean energy price, the electricity-to-gas price ratio, the energy price fluctuations and the technology cost.

Table B.14
Installed PtH and storage capacities in the energy price scenario with low mean and high variance for different electrolyser technology costs.
TCyppp [euro/MW] EGR  TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,] H2E [MW] H2B [MW] H2S [MWh]

68400 1.6 ‘HighHP-LowRest’  28.4 100.5 0 0.3 0.2 0
76000 1.6 ‘HighHP-LowRest” 29 103 0 0 0 0
Table B.15

Installed PtH and storage capacities in the energy price scenario with high mean and high variance for different electrolyser technology costs.
TCyppp [euro/MW] EGR TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,] H2E [MW] H2B [MW] H2S [MWh]

200 1 ‘HighHP-LowRest”  22.3 85.7 6.1 7.6 0.4 7.5
250 1 ‘HighHP-LowRest’”  26.5 92.2 6.1 0 0 0
Table C.16
Installed PtH and storage capacities in the energy price scenarios with low mean and variance.
EGR TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 24 42 0
LowHP-HighRest 6 5 11
1 HighHP-LowRest 25 49 0
LowHP-HighRest 6 6 12
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Table C.17
Installed PtH and storage capacities in the energy price scenarios with low mean and high variance.
EGR TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 29 103 0
LowHP-HighRest 28 62 0
1 HighHP-LowRest 29 113 0
LowHP-HighRest 28 68 0
Table C.18
Installed PtH and storage capacities in the energy price scenarios with high mean and high variance.
EGR TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 24 94 8
LowHP-HighRest 7 15 14
1 HighHP-LowRest 22 96 13
LowHP-HighRest 6 18 15
Table C.19
Installed PtH and storage capacities in the energy price scenarios with high mean and low variance.
EGR TC cost scenario EIB [MW,,] TES [MWh] HP [MW,,]
1.6 HighHP-LowRest 0 19 14
LowHP-HighRest 0 6 15
1 HighHP-LowRest 2 22 14
LowHP-HighRest 2 6 16
Appendix D. Model formulation Hyp process (1) Heat generated by the heat Mw
pump for the process
Horgg process(t) Heat from thermal energy MW
storage to the process
Hyi28 process () Heat from the hydrogen boiler MW
. to the process
D.1. Nomenclature of parameters and variables 7 A—— Heat from CHP to thermal MW
energy storage
- - H cpip excess(f) Excess heat from CHP MW
Symbol Explanation Unit Heyp 1es () Heat from electric boiler to MW
Time-dependent variables thermal energy storage
Py kg () Grid power to the electric MW Hyp 1ps(0) Heat from heat pump to MW
boiler thermal energy storage
Por process(?) Grid power to the process Mw NGgr,in(1) Natural gas input to the gas MW
Py bar(®) Grid power to the battery MW turbine
Por m2e(®) Grid power to the electrolyser Mw NGgp in(0) Natural gas input to the gas MW
Pyrup() Grid power to the heat pump MW boiler
Por,gr() Power from gas turbine to grid MW H) 1105 11op (1) Hydrogen from electrolyser to MW
Pgr,process (1) Power from gas turbine to MW the boiler
process Hj 1op 125 (1) Hydrogen from electrolyser to MW
Par pat(®) Power from gas turbine to MW storage
battery H) 1195 1128(1) Hydrogen from storage to the MW
Porr() Power from gas turbine to MW boiler
electric boiler SO Epy (1) State of energy of the battery MWh
Per e (1) Power from gas turbine to MW SO Egg(1) State of energy in the thermal MWh
heat pump energy storage
Pgr p2e(®) Power from gas turbine to Mw SOEy,5() State of energy in hydrogen kg
electrolyser storage
Por excess(D Excess power from gas turbine Mw by (1) Binary variable for battery Binary (0/1)
Ppat,process () Power from battery to the MW charging
process by (1) Binary variable for thermal Binary (0/1)
Pbat,gr(t) Power from battery to grld MW energy storage charging
Pyarp1s (1) Power from battery to electric MW bs(t) Binary variable for hydrogen Binary (0/1)
boiler storage tank
Poar (1) Power from battery to MW by(t) Binary variable for grid Binary (0/1)
electrolyser connection
Pyt up(®) Power from battery to heat MW . .
’ pump Sizing variables
Hpggp process () Heat generated by electric MW SEIB Electric boile.r size MW,
boiler for the process SHp Heat pump size MW,
Hepp process(!) Heat generated by the CHP for MW SH2E Electrolyser size MW,

the process
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SH2B Hydrogen boiler size MwW,,
STES Thermal energy storage size MWh
SHas Hydrogen storage size MWh
Sbat Battery size MWh
Time-dependent parameters
Pel,grid () Electricity price at time ¢ Eur/MWh
PNG,use(?) Price for using natural gas Eur/MWh

price at time 1*

Hgem () Heat demand of the process at MW

time ¢

Piem(®) Power demand of the process MW

at time ¢

Constants

SGT Gas turbine size MW
SGB Gas boiler size MW
Fdisc Discount rate %
At Time step duration h
NGT,el Gas turbine electric efficiency -
1GT,th Gas turbine thermal efficiency -
1B Gas boiler efficiency -
BB Electric boiler efficiency -

COPyp carnot Heat pump ideal coefficient of -

performance

Niip Heat pump efficiency -

NH2E Hydrogen electrolyser -

efficiency

128 Hydrogen boiler efficiency -

Nbat Battery charge and discharge -

efficiency

NTES Thermal energy storage -

efficiency

oS Hydrogen storage efficiency -
MinLoadFactorgr  Minimum load factor for gas % of capacity

turbine

cratey,, Charge/discharge rate of MW/MWh

battery

cratergg Charge/discharge rate of MW/MWh

thermal energy storage

capy, Grid connection capacity MW
¢ Capital cost of component i Eur/unit
Inf; Installation or Lang factor of -

technology i
LT; Lifetime of component i years

@ Includes price for CO, emissions.

D.2. Mathematical formulations of the reference model

The following equations are used to calculate the performance of
the reference model.

Objective function.

t=16000

min Z OpEx(?),
=0

where

OpEx(1) =pel,grid(t) - Af- <Pgr, process(t) - PGT, gr(t)>

+ (NGgrin(®) + NGgpin(0) - At - Pyg yse(?)

Energy balance equality constraints. Heat balance:

Hyem = I_ICHP,process(t)7

(D.1)

(D.2)
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Power balance:

Pdem = Pgr,process(t) + PGT,process(t) (D.3)
CHP constraints. Power generation constraint:
NGGT,in (t) *NGT,el = PGT,excess(t) + PGT,process(t) + PGT,gr(t) (D~4)

Heat generation constraint:

(NGGT,in(t) *NGT,th + NGGB,in(t)) *NGB = HCHP,process(t) + HCHP,excess(t)

(D.5)
Maximum natural gas consumption constraints:
N
NGgr() < =% (D.6)
NGT,th
and
N
NGgp,n(t) < — (D.7)
GB,th
Minimal load constraint:
SGT .
NGgrin(t) 2 - MinLoadFactorgy (D.8)
NGT,th
Grid connection capacity. Maximum inflow constraint:
CaPg; * b3(t) = Pyr process(?) (D.9)
Maximum outflow constraint:
Pgr,gr(t) < capg, - (1 = b3(1) (D.10)

D.3. Mathematical formulations of the model for the electrification of the
utility system

The following equations represent the mathematical formulation of
the model for the electrification of the utility system.

Objective function.
1=16000
min ) OpEx(r) + CaPex, (D.11)
1=0
where
OpEX(t) :pel,grid(t) - At - < (D.12)

Py 5130 + Py process® + Par, bat(®) + Par, 1@ + Py p1p()
— (Par, gr®) + Poay, gr(t))>
+ (NGgr,in() + NGgpin(1) - At - PNG use (1)

and

8; - ¢; - Inf; - raige

CaPex = (D.13)

i (HP,bat,EIB,TES, H2E,H2B,H2s) | — (1 + 7 dise)
Energy balance equality constraints. Heat balance:
Hgem () = Hgg cp(?) + Hepp,cp(t) + Hrps cp(t) + Hygop cp() + Hyp cp (1)
(D.14)
Power balance:

Paem (1) = Pgr,process(t) + PGT,process(t) + Pbat,process(’) (D.15)
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CHP constraints. Power generation constraint:
NGgrin() - figT,e1 =PGT,excess(t) + Par,bat (") + Por,ris(*) + Por,h2e(?)
+ PGT,HP(t) + PGT,process(t) + PGT,gr(t) (D'16)
Heat generation constraint:

(NGgrin® - 11g7,m + NGap in®) - figs =Hcup process(®) + Heup s ()

+ HCHP,excess(t) (D'17)
Maximum natural gas consumption constraints:
N
NGgrin() < —2 (D.18)
NGT,th
and
N
NGgpin(1) < —2 (D.19)
1GB,th
Minimal load constraint:
N
NGgr () > —2— - MinLoadFactorgy (D.20)

NGT,th

Electric boiler. Heat generation constraint:

HE)B process() + Heip 1es () = (P, o, E1B() + Poag pig () + P GT,EIB(’)) " MEIB

(D.21)
Sizing constraint:
Hep process(t) + Heip,tes(f) < sgip (D.22)
Heat pump. Heat generation constraint:
HHP,process(t) + HHP,TES(I) =
(Pgrpp (1) + Poaip (1) + Por,ip(1)) - COPamot,p * Mp (D.23)
Sizing constraint:
Hyp process() + Hyp 1es(t) < spp (D.24)
Water electrolyser. Hydrogen production constraint:
(Pyrti2e(®) + Poag or (! )) * M2k = Hy pop pop(®) + Ho pop pos () (D.25)
Sizing constraint:
Py oe(1) + Poagroe (1) < Spop (D.26)
Hydrogen boiler. Heat generation constraint:
(Ha mom,m28(0) + Hy o5 1128 (1) * 12 = Hiaop process(®) (D.27)
Sizing constraint:
HHZB,pmcess(I) < SH2B (D'28)
Battery. State of energy:
0, ifr=0
SOE,(t — D+
SOEbat(r) =\ Mbat 4t - (Pgr,bat(t -D+ PCHP,bat(t - l)) -
t - Ar-( Pbat,process(t -D+ Pbat,ElB(r -D+ Pbai,HP(t - D+
Poagpog(t = D+ Pogrget — 1D ), otherwise
Maximum charge constraint:
S, Crateb
Pgr,bat(t) + PGT,bat(t) < L . b](t) (D.29)
"bat At
Maximum discharge constraint: Discharging for ¢+ = 0:
Pbat,process (0) + Pbat,ElB (0) + Pbat,HP + Pbat,HZE(O) + Pbat,gr(o) =0 (D'BO)
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Discharging for ¢ > 0:

Pbat,process "+ Pbat,ElB(t) + Pbat,HP(t) + Pbat,HZE(I) + Pbat,gr(t) <

cratey,,
Sbat * Hbat * ~ 1 =0b,() (D.31)
Sizing constraint:
SOEpqi(1) < Sbat (D.32)
Thermal energy storage. State of energy (SOE):
0, ift=0
SOEgg(t — 1)+
SOEps() = mes(t — 1)
(Henp,tes(t = 1) + Hggp rps(t = 1) + Hyp rps(t = 1)) - 41—
—HTFS"’:‘ess('_l) - At, otherwise
(D.33)
Maximum charge constraint
STEs * Ccrate
Hepp,tes() + Heip 1es () + Hygp 1rs () < w - by(1) (D.34)
Maximum discharge constraint: Discharging for t = 0:
HTES,process(O) =0 (D.35)
Discharging for ¢ > 0:
N -0 - crate
HTES,process(I) < w ’ (1 - bz(f)) (D'36)
Sizing constraint:
SOEgs(r) < s1gs (D.37)
Hydrogen storage. State of energy:
ifr=0

SOEyys(1) =

SOEgg(t — 1)+ (HZ‘HZE’HZS(t “1- M) - Ar, otherwise

Mzs

(D.38)

Charge constraint

H) yiog n2s(?) < Spas - b3(1) (D.39)
Discharge constraint: Discharging for ¢ = 0:

Hj pos 2(0) = 0 (D.40)
Discharging for ¢ > 0:

Hy s pio(®) < % - (1= by(®) (D.41)
Sizing constraint:

SOE5(1) < sppos (D.42)

Grid connection capacity. Maximum inflow constraint:

capgr'b4(1) 2 Pgr,process(t)+Pgr,ElB(t)+Pgr,bat(t)+Pgr,HP(t)+Pgr,H2E(t) (D.43)
Maximum outflow constraint:

Porgr(t) + Poarge(t) < capg, - (1 = by(1)) (D.44)

Data availability

The code, selected input data and all results are going to be
uploaded to a 4TU repository (DOIL: 10.4121/3badcla4-a0ac-4560-
8ele-2355214331fe) and a GitHub repository (https://github.com/
SvenjaBie/ElectrUtilPapInd_Open) once the article is ready for publi-
cation. They can be shared earlier upon request.
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