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A B S T R A C T

The chemical industry is adopting increasingly ambitious greenhouse gas emission targets. This work examines
the decarbonization concept of a chemical site utility system based on renewable power purchase agreements
and green hydrogen. To this end, a model of a zero-emission utility system including all typical components,
demand profiles and energy prices was developed. The model was used to investigate the effect of flexibility
options such as curtailment, power-to-heat and thermal energy storage by means of energy system optimization.
Sensitivity studies were carried out with respect to the green hydrogen price, thermal energy storage investment
costs and on-site steam turbine capacity to gain a deeper understanding of the various influencing factors.
Thermal energy storage, e.g. molten salt technology, can achieve cost savings up to 27 % through efficient
integration of renewable electricity from PV and wind. Furthermore, the concept with thermal energy storage
proved to be more resilient to variations in the green hydrogen price. In the best-case scenario, a 30 % higher
green hydrogen price only results in a 6 % increase in annual expenditures. Even when very high investment
costs are assumed, thermal energy storage still remains an integral component of the cost-optimal zero-emission
utility system.

1. Introduction

The world is on course to miss almost all transformation targets in
areas such as power generation, industry, transport and buildings that
are needed to meet the 1.5 ◦C target of the Paris Climate Agreement
[1,2]. With growing urgency to mitigate climate change, companies are
starting to take this challenge into their own hands. With regard to the
chemical industry, many big players have committed to ambitious
greenhouse gas (GHG) emission targets or have even pledged to become
climate-neutral within the next decade [3,4]. According to the GHG
Protocol, emissions can be divided into three categories: Scope 1) Direct
emissions from owned sources, for instance CO2 from fuel combustion or
industrial production; Scope 2) Indirect emissions from energy pur-
chases; Scope 3) Indirect emissions upstream and downstream of the
company value chain (e.g. business travel, use of sold products and also
GHG footprints from purchased raw materials) [5,6]. A major source of
Scope 1 and 2 emissions in the form of CO2 at chemical sites is the
central utility system. Large cogeneration plants and steam boilers
produce electricity and heat (steam) to power the chemical processes on
site [7].

To reduce or even eliminate CO2 emissions entirely, an important
step could be a switch to low-CO2 or green electricity. Partial electrifi-
cation of energy-intensive industries such as chemicals, but also basic
materials, textiles and steel is technologically feasible [8–12]. A switch
to electricity has an impact on energy demand, CO2 emissions and costs.
For instance, the deployment of electric boilers could reduce energy
intensity and CO2 emissions from fossil based steam generation [13].
The increasing electricity demand, in turn, requires an expansion of
transmission and distribution grids as well as investments into the grid
connection and electrification of a chemical site [14]. Lastly, many in-
dustrial processes require continuous operation and therefore a high
security of energy supply. Since low-cost green electricity is not always
available, a reliable solution for a zero-emission industry must include
other energy sources and technical solutions in addition to electrifica-
tion [15].

Another option could be carbon capture and storage (CCS). Of the
available solutions, post-combustion processes for cogeneration plants
appear to be the most suitable due to their advanced development level
and the possibility of retrofitting existing plants [16,17]. Investments in
CCS technologies affect production costs. For example, the price of heat
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could more than double with the implementation of CCS (cost of
transportation and storage of CO2 included) [18]. Effective and sus-
tainable storage of CO2 is another challenge [19]. The storage load could
be alleviated by utilization of the captured CO2 as feedstock [20].
However, this approach is limited by the demand for CO2 as feedstock by
the considered chemical site. For these reasons, CCS was not considered
further in this study.

A switch to CO2-neutral fuels, such as green hydrogen is also feasible.
This would entail investments in H2-ready gas turbines and steam
boilers. H2-ready gas turbines are expected to be available on the market
in the near future, and the original equipment manufacturers are gath-
ering initial operating experience [21,22]. Hydrogen steam boilers are
commercially available, at least on the small MW-scale [23,24]. The
main obstacles to green hydrogen are availability, political framework
conditions and cost uncertainties.

Finding optimal solutions for the decarbonization of utility systems is
complex, as there are numerous strategies and technologies to choose
from, as described above. Recent publications consider electrically
charged thermal energy storage (TES) systems as flexibility options
[25–30]. TES can enhance electrification of the heat supply and thus
reduce operating costs. Inexpensive low-CO2 or green electricity from
the grid is stored in form of thermal energy and later used to generate
steam in times of high electricity prices. In addition, this steam can also
be used to regenerate electricity via steam turbines. Studies show that
TES can be a key component in industrial utility systems (e.g. chemical
site, iron foundry or steel mill) to reduce the operating costs under
different market scenarios [25–29]. In addition, TES could also improve
the potential of the utility system to provide control reserve for the grid
[31,32]. Viable TES technologies include phase change materials (PCM),
regenerators, thermochemical energy storage andmolten salt [33]. High
temperature TES is preferred for chemical sites because high-pressure
steam can be generated, leading to maximum flexibility.

The use of TES to generate revenue through arbitrage or ancillary
services and to reduce operating costs represents a reasonable flexibility
option. However, it is not suitable for companies that are aiming for a
zero-emission utility system in 2030–2035, for instance. The electricity
mix will still be afflicted with CO2 emissions at this time.

For this reason, a novel approach is investigated in this paper. Zero-
emissions are achieved by the procurement of green electricity from
power purchase agreements (PPA) and use of green hydrogen. The
existing cogeneration plant of the utility system must be modified for
operation with green hydrogen. This switch is required because security
of energy supply to the chemical processes must be guaranteed even
during longer periods without PV or wind electricity. The use of carbon
offsets is not considered in this study. Energy storage should play a key
role in integrating a higher share of electricity from PPAs, mitigating the
use of more expensive green H2. In principle, battery storage could also
be used for this purpose. However, in this work, thermal energy storage
is considered as a flexibility option, in particular due to its higher storage
density compared to batteries. The storage density of e.g. molten salt
thermal energy storage can reach around 1300 kWhth/m2 (Assumptions
used for estimation: Two tanks with 40 m diameter, 13 m height and
300–560 ◦C temperature range [34], specific heat capacity of 1550 J/
kgK and density of 1800 kg/m3 [35]). The Victorian Big Battery in
Geelong, Australia, can be used as a reference for large batteries [36].
The storage density of this battery system amounts to roughly 25 kWhel/
m2 (estimated from aerial photographs). Even though electricity and
thermal energy storage are not directly comparable, the difference in
storage density is nevertheless significant. This can be critical for
application at chemical sites, where construction space is very limited.
Battery systems have a higher efficiency for power-to-power operation
compared to TES, but this advantage is mitigated by high investment
costs [37] and the fact that the majority of the energy demand at the
chemical site is heat. For power-to-heat operation with storage, both
TES and batteries display similar levels of efficiency. Albeit the argu-
ments above do not conclusively rule out the battery option, this work

focuses on the more applicable concept with TES.
A model of a zero-emission chemical site was developed to investi-

gate the proposed concept. The optimal dimensioning of PPAs, TES and
electric steam boilers as well as the optimal operation of the utility
system are determined with the commercial energy system optimization
software TOP-Energy®. Previous scientific work on optimizing the
steam and electricity supply at chemical sites with PPAs and TES could
not be identified. The solutions are evaluated in terms of energy mix
(share of green hydrogen and electricity), annual operating costs (an-
nuity) and optimal sizing of components.

2. Methods

This section is structured into the model definition of the zero-
emission utility system (2.1), investment cost estimations for all com-
ponents (2.2), cost assumptions for PPAs (2.3) and green hydrogen (2.4),
method and assumptions for energy system optimization (2.5) as well as
an overview of all optimizations carried out within this work (2.6).

2.1. Zero-emission utility system model

A model of a zero-emission utility system was developed for this
work. The structure can be seen in Fig. 1. The utility system must cover
the energy demand of the chemical processes on site at all times.

These chemical processes are not modeled in detail, instead they are
represented by demand profiles of a typical chemical site in Germany.
An electricity, medium-pressure (MP, 31 bar and 370 ◦C) and low-
pressure (LP, 6 bar and 210 ◦C) steam demand can be distinguished. The
average demands shown in Fig. 1 were taken from [39] and then used to
develop representative annual time series for the electricity and steam
demand with an hourly resolution (as described in [38]). Water (15 ◦C)
is injected into the LP and MP steam to lower the temperature before it is
delivered to the end-use processes. The utility system also includes a
high-pressure (HP, 530 ◦C, 110 bar) steam line to increase the on-site
power generation capacity. A hydrogen gas turbine (GT) with heat re-
covery steam generators (HRSG), two large hydrogen gas boilers (GB)
and steam turbines (ST) serve as electricity and steam producers, when
green electricity is not available. The hydrogen-fired components were
designed with EBSILON Version 15.02 [40]. The minimum local tem-
perature difference in any heat exchanger (economizer, evaporator and
superheater) between the flue gas and water side was kept above 10 K.
Internal preheating was considered in the design to maximize efficiency
(for the definition of all component efficiencies refer to [38]). The
resulting efficiencies can be seen in Fig. 1. Note that the GB efficiency
surpasses 100 %. This is due to the fact that the efficiency is defined
based on the lower heating value (LHV) and parts of the condensation
heat can be recovered in the economizer of the GB. The steam produced
by the HRSGs and GBs can drive the available high-pressure (HP-ST),
medium-pressure (MP-ST) and low-pressure (LP-ST) steam turbines. On-
site power generation is sufficient to cover the electricity demand even
at peak times. This enables the utility system to provide sufficient steam
and electricity even when there is no electricity available from PV and
wind. The operation of the GT and GBs is affected by the temperature of
ambient air used for combustion. For this study, North Rhine-
Westphalia, Germany was selected as the hypothetical location for the
utility system. A forecast data set from the German Meteorological
Service (Deutscher Wetterdienst) was included in the model (Test
Reference Year 2031–2060, Leverkusen Germany) [41].

Ideally, a large share of the energy demand is met via PV or wind
PPAs. Electricity from PPAs may be curtailed as part of operational
optimization. Renewable electricity is used first and foremost to cover
the electricity demand of end-use processes. During this time, the steam
turbines are switched off and steam is distributed from the high to the
lower pressure lines with pressure reducing stations. The steam supply
can be electrified if surplus electricity is available. Two options were
considered: 1) Direct electrical steam generation with a power-to-heat
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steam generator (PtH-Steam); 2) Utilization of a TES system with a
steam generation that can be decoupled from the power supply. Two-
tank molten salt TES is a viable technology for chemical site utility
systems due to its high level of maturity, scalability and suitable storage
temperature [34]. During charge, molten salt from the cold tank is
heated in an electric heater (EH) and then stored in the hot tank. During
discharge, hot molten salt is used to generate high-pressure steam in a
molten salt steam generator (MSSG). The TES system has two operation
modes: 1) PtH mode: Electric heater and steam generator are operated
concurrently with the same power to directly produce steam from
renewable electricity without storage; 2) Charge and discharge mode: At
times of high renewable generation, the storage system is charged. At a
later point in time, when less PV and wind power is available, the
storage system is discharged [27]. With a large electric heater, direct
steam generation and storage of thermal energy can occur
simultaneously.

The utility system has the option to release low-pressure steam to the
environment. This measure is applied in cases with low renewable
electricity production, high electricity demand and low steam demand.
The steam turbines must be ramped up to maximum electricity pro-
duction and the amount of steam in the utility system exceeds the total
steam demand. As a consequence, the excess steam is blown off. This
option is only available for steam produced by the HRSGs or GBs.
Otherwise, PPA electricity could be curtailed by transmission to the
utility system, conversion into steam and immediate release to the
environment. This strategy is not tenable because it would require an
unnecessary and costly expansion of the transmission grids and grid
connections.

Finally, the utility system model consists of existing, fixed compo-
nents (solid line) and optional components with variable size (dashed
line, named variable components in this work). The latter includes the
PPAs, PtH-Steam and the three individual elements of the molten salt

Fig. 1. Zero-emission utility system model including molten salt TES, in part adapted from [27,38]. Abbreviations: EH: Electric heater, FW: Feedwater, GB: Gas
boiler, GT: Gas turbine, HP: High-pressure, HRSG: Heat recovery steam generator, LP: Low-pressure, MP: Medium-pressure, MSSG: Molten salt steam generator, PtH-
Steam: Power-to-heat for steam, ST: Steam turbine.
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TES system (charging, storage and discharging unit). These components
can be freely dimensioned by the energy system optimization tool. In
this model, a small 10 MWth PtH-Steam unit is already in operation and
part of the existing utility system. Additional PtH-Steam capacity can be
built on top.

Transmission lines from power plants to the utility system as well as
H2 pipelines are not considered as investment costs in this study. This
assumption was made because it is unclear who will bear the necessary
investments. Industry, grid operators and the government all have a
stake in grid expansion and will each have to make a financial contri-
bution in some form. The transmission lines within the utility system (e.
g. for PtH-Steam and TES discharging unit) were included in the
respective investment costs of the components.

2.2. Investment cost estimations

The investment costs of the PtH-Steam unit and the three molten salt
TES subsystems are required inputs for the energy system optimization
tool. In addition, a cost indication for electrolyzers is needed to derive a
green hydrogen price later in this work. For this purpose, cost data from
recent publications were compiled and used to estimate the total in-
vestment costs of the different components. In most cases, cost figures in
the scientific literature more or less refer to so-called “Bare Erected
Costs” (BEC). BEC include process equipment, supporting facilities and
labor. To obtain more comprehensive cost estimates, literature data
were extended with methods from [42] to determine the “Total As-Spent
Capital” (TASC). It is expected that the prices for electrolyzers will
decrease significantly in the period 2030–2035 compared to today's
values. For this reason, projected costs for 2030 are considered in this
paper. Alkaline electrolyzers (AEL) were selected here because they are
expected to be less expensive compared to proton exchange membrane
(PEM) electrolysis and solid oxide electrolyzer cells (SOEC) [43]. The
learning curves for TES and PtH are not expected to be as pronounced.
Therefore, current investment costs without learning curves are applied.
The investment cost estimates, especially for TES and PtH steam, can
therefore be regarded as conservative. The final investment cost in-
dications used in this work are summarized in Table 1. The cost figures
in Table 1 apply to large-scale installations. The effects of economies of
scale are negligible for all technologies in this case.

2.3. Power purchase agreements

Power purchase agreements (PPAs) are long-term electricity pur-
chase contracts concluded between an electricity producer (seller) and

an electricity consumer (buyer). The quantity of electricity supplied, the
electricity pricing structure and the contract duration are the main as-
pects of a PPA contract. However, the legal structure and electricity
delivery scheme of PPAs may differ considerably [51]. This paper selects
so-called Pay-as-Produced PPAs. Electricity is supplied to the consumer
as generated by a renewable energy plant (PV or wind) at a fixed price
per MWh. This form of PPA represents a true green electricity supply,
since there is a clear temporal correlation between renewable electricity
generation and consumption. Baseload PPAs, on the other hand, offer a
fixed supply of electricity regardless of the current PV and wind output.
Deviations between generation and the contractually agreed delivery
volumes are balanced through the spot market. While researching this
topic, it became apparent that baseload PPAs will probably be offered
less frequently in the future. Sellers of PPAs are not willing to take the
risk of having to compensate for an electricity underproduction on an
increasingly volatile spot market. It is expected that sellers would pass
on the risk via increased baseload PPA costs. This will probably result in
poor predictability and higher costs for baseload PPAs. The abbreviation
PPA will hereinafter be used as “pay-as-produced PPA” for simplifi-
cation. Baseload PPAs are not considered in the remaining work due to
the above arguments.

The electricity costs from Pay-as-Produced PPAs were obtained from
the “enervis PPA-Preistracker” (PPA price tracker) [52]. The price
tracker is a tool typically used by companies to check reasonable PPA
prices before entering into contract negotiations with sellers. The PPA
prices in this tool depend on the start year, the duration of the contract
and the date on which the PPA contract is closed. The date of contract
conclusion is relevant because cost indications on the futures market,
which are constantly changing, influence the PPA price. Average elec-
tricity prices for PV and onshore wind PPAs were derived on the basis of
contracts with different start times, durations and date of contract
conclusion (see PPA electricity prices in Table 2). Electricity consumers
must pay grid fees when electricity is transferred to them via the
transmission grid. First, an energy rate per MWh supplied has to be paid
in addition to the PPA price. Second, a demand rate is due, which de-
pends on the maximum power that is transmitted to the utility system at
any given point in time within a year. Average energy and demand rates
were determined using historical data (2019–2023) from the North
Rhine-Westphalian transmission grid operator Amprion (see grid fee
values in Table 2) [53,54].

In addition to the electricity prices, annual electricity generation
profiles with hourly resolution were developed for PV and wind power
plants. To this end, a list of 15 large ground-mounted PV systems and 15
large wind turbines, spread across the entire state of North Rhine-

Table 1
Investment cost estimates (“Total As-Spent Capital”) used for the energy system optimization and green hydrogen price estimation.

Component Symbol Specific cost References Other included cost factors

PtH
(PtH-Steam)

cPtH 300 €/kWth [44–46] Transformer, switchgear, cables

TES charge
(Electric heater)

cEH 300 €/kWth [45–48] Transformer, switchgear, cables

TES storage
(Hot and cold tank)

cTES 35 €/kWhth [49] Foundation, thermal insulation, pumps, balance of plant, ancillary components

TES discharge
(Molten salt steam generator)

cMSSG 150 €/kWth [47,49] Piping, thermal insulation, steel structure, instrumentation

Alkaline electrolyzer
(AEL)

cAEL 700 €/kWel [50] Power electronics, transformer, instrumentation, water purification, piping etc.
(projected cost in 2030)

Table 2
Summary of PV and wind PPA cost data.

Variable Specific cost Comment

PV PPA electricity price 62.57 €/MWh Incl. energy rate of 4.62 €/MWh
Wind PPA electricity price 66.66 €/MWh Incl. energy rate of 4.62 €/MWh
Demand rate 57.87 €/kWyear Based on maximum power transmitted to utility system within one year
Curtailment costs 138.71 €/MWh Valid for both PV and wind electricity
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Westphalia, was compiled [55]. The generation profiles of these in-
stallations were then determined with methods from [56–58]. Average
profiles were developed because a single PV system or a wind farm
would not be able to supply sufficient electricity for the utility system.
Averaged profiles are therefore more realistic. The resulting generation
profiles can be seen in Fig. 2.

Multiplying the capacity factor with the installed capacity of a PV or
wind installation yields the electricity production:

P→el = CF̅→
• Pinst. (1)

Here, CF̅→ is a vector containing the capacity factors for an entire year
with an hourly resolution.

The average capacity factor of wind power plants with a value of
0.24 is higher than that of PV systems with 0.14. Assuming installations
with identical installed peak capacity (e.g. in MWpeak), wind produces
more electricity than PV over the course of the year. It can be advan-
tageous to curtail PV and wind power. This measure could stabilize the
grid, reduce demand rate cost and enable the integration of larger vol-
umes of renewable electricity. Curtailment costs were derived from in-
formation provided by the Bundesnetzagentur (German Federal
Network Agency) [59].

All cost data with regard to PV and wind PPAs are summarized in
Table 2. For economic reasons, wind power should be curtailed first
because the electricity price of wind PPAs is higher. The curtailment
costs are the total costs to be paid and not an additional charge on top
the PPA electricity price.

2.4. Green hydrogen

The European Parliament's Renewable Energy Directive sets out
criteria for the production of green hydrogen. Electricity for the pro-
duction of green hydrogen is only recognized as renewable if the criteria
of additionality as well as geographical and temporal correlation are

satisfied. Additionality is given if the electricity is procured through
renewable PPAs from installations that have been put into operation not
longer than 36 months before the water electrolysis. The geographical
correlation is fulfilled if the electrolyzer and the PV and/or wind power
plants associated with the PPAs are located in the same bidding zone.
From 2030 onwards, the renewable electricity must be consumed by the
electrolyzer within one hour of being generated in order to comply with
the temporal correlation criterion. Exceptions are possible, but the
criteria described above apply in most cases [60]. The Pay-as-Produced
PPAs described in the previous subsection meet all criteria to produce
green hydrogen, provided that the electrolyzer is located in the Ger-
many/Luxembourg bidding zone. Hence, a green hydrogen price can be
derived, which is directly correlated to the cost of renewable electricity.
The levelized cost of green hydrogen (LCOH) can be calculated as
follows:

cH2 =
PAELcAEL +

∑y=n

y=1

CEl+CCurt+CGrid+CSt&Dist+CO&M
(1+i)y

∑y=n
y=1

mH2
(1+i)y

. (2)

The expenditure side (numerator) includes the investment cost for the
electrolyzer (product of installed capacity PAEL and specific cost cAEL) as
well as the annual expenses for PPA electricity CEl, curtailment CCurt,
grid demand rate CGrid, storage & distribution of hydrogen CSt+Dist and
operation & maintenance CO&M. On the revenue side, there is the

Fig. 2. PV and wind electricity generation profiles.

Table 3
Assumptions for LCOH calculation.

Variable Estimated values References

AEL efficiency 68 % (lower heating value) [43]
AEL lifetime 12 years [43,61,62]
Spec. storage & distribution cost 1.5 €/kgH2 [63]
Spec. operation & maintenance cost 2 %Invest/year [43,64]
Interest rate 8 % [65,66]
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amount of green hydrogen produced annually mH2.
Expenses and revenue are discounted with the interest rate i and then

added up over the lifetime of the AEL n. Further assumptions must be
made in order to calculate the annual cost contributions and hydrogen
production. These are summarized in Table 3.

To calculate the LCOH, a ratio between the installed PV and total
capacity (wind and PV) is introduced, which is here referred to as the PV
share RPV:

RPV =
PPV,inst

PPV,inst + PWind,inst
with 0 ≤ RPV ≤ 1. (3)

A value of RPV = 0 means that only wind PPAs are used to generate
green hydrogen. RPV = 1 indicates that green hydrogen is produced
exclusively through PV PPAs. To clarify, the ratio RPV is calculated with
the installed capacities of PV and wind power plants and not with the
volumes of PV or wind electricity used for H2 production. The LCOH is
not affected by the absolute values of PPV,inst and PWind,inst, as size-
independent specific cost are assumed for the AEL. This allows the
green hydrogen price to be calculated depending on the PV share RPV.
The method is described in the following:

• The PV share RPV is varied between 0 and 1 in predefined increments.
• For a given value of RPV, the installed PV and wind power plant
capacities PPV,inst and PWind,inst are calculated according to Eq. (3). To
this end, the combined output of the PV and wind power plants
associated with the PPAs was simply scaled to a total of 1 MWpeak
(PPV,inst+ PWind,inst = 1 MW).

• The PV and wind generation profiles are determined using the ca-
pacity factors of Fig. 2 and Eq. (1).

• Equations are set up for the annual cost components CEl, CCurt, CGrid,
CSt&Dist and CO&M as well as the annual hydrogen productionmH2 as a
function of the installed electrolyzer capacity PAEL. As a result, the
LCOH, according to Eq. (2), becomes a function of PAEL.

• The LCOH is minimized for a given value of RPV with the installed
electrolyzer capacity PAEL as the optimization variable.

The mathematical problem was set up in MATLAB R2020b [67] and
minimized using the nonlinear programming solver “fminsearch” [68].

The resulting minimal LCOH over the PV share RPV can be seen in
Fig. 3. The minimum LCOH of 6.85 €/kg (205.58 €/MWhLHV) can be
achieved with a PV share RPV of 0.44. Due to the higher capacity ratio of
wind, wind energy contributes 68 % to green hydrogen production in
the minimum LCOH case. The optimal electrolyzer capacity PAEL is 0.37
MW in that instance. As a result of this preliminary study, a constant
hydrogen price of 6.85 €/kg was used for the optimization of the zero-
emission utility system.

2.5. Method and assumptions for energy system optimization

The zero-emission utility system, as shown in Fig. 1, was modeled in
the software TOP-Energy® version 3.1.0 [69] for structural and opera-
tional optimization. Fig. 4 provides an overview of the input parameters
(left), the energy system design optimization (middle) and the optimi-
zation results (right).

Most of the input parameters were discussed in previous subsections.
Operation and maintenance costs for the TES units and PtH-Steam are
set to 0.3 %Invest/year. Due to the higher technology readiness level, a
lower value was applied here compared to the AEL (see Table 3). The
operation and maintenance cost include an additional € 150,000/a for
the personnel required to operate each new component (PtH steam and
TES) [27]. The number of periods is set to n = 10 years. This is a typical
time frame in which companies evaluate the impact of an investment.
This implies that energy system optimizations were carried out for a
representative year and the results were then assumed constant for the
following 10 years to determine the target function. The target function
of the optimization in TOP-Energy® is the annuity a:

a = AF • CAPEX+OPEX, (4)

with the annuity factor

AF =
(1+ i)n • i
(1+ i)n − 1

. (5)

The capital expenditures are the sum of all investments for PtH-Steam,
electric heaters, thermal energy storage and molten salt steam gener-
ator. The individual investment costs are calculated by multiplying the
installed power (Q̇) or storage capacity (ΔU) with the specific cost c:

CAPEX = Q̇PtHcPtH + Q̇EHcEH +ΔUTEScTES + Q̇MSSGcMSSG. (6)

The operational expenditures are the sum of all annual variable and
fixed operating costs including PV electricity, wind electricity, green
hydrogen, curtailment, demand rate as well as operation&maintenance
(including personnel):

OPEX = CPV,el +CWind,el +CH2 +CCurt +CGrid +CO&M. (7)

In the end, the CAPEX and OPEX depend on the installed capacities of
the PV and wind power plants associated with the PPAs, the size of the
optional components (PtH-Steam and all subsystems of the molten salt
TES) and the operating strategy of the utility system. In consequence the
objective of TOP-Energy® is to minimize the annuity as a function of the
above-mentioned influencing factors. The optimization problem repre-
sents a mixed integer linear program (MILP). TOP-Energy® solves the
mathematical problem by means of the Gurobi optimizer [70]. The
optimization results are evaluated, inter alia, in terms of energy mix,
composition of the annuity and component sizing. Furthermore, a share
of curtailment RCurt is introduced to evaluate how much renewable
electricity is curtailed in different scenarios:

RCurt =

sum
{

P→Curt,el

}

sum
{

P→PV,el + P→Wind,el

}. (8)

The numerator represents the sum of renewable electricity that is cur-
tailed for operational optimization. The denominator is the maximum
renewable electricity produced by PV and wind power plants without
curtailment. A share of curtailment of RCurt = 0 indicates that no
renewable electricity is curtailed and sites for PV and wind power plants
are used to their full potential. This indicator cannot be used to make a
conclusive assessment of the renewable's utilization, as green hydrogen
production is also subject to losses due to electrolyzer efficiency and
curtailment. Nevertheless, RCurt is a useful value to draw conclusionsFig. 3. Minimized levelized cost of hydrogen (LCOH) depending on the PV

share RPV.
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about how efficiently PV and wind electricity can be integrated into the
utility system with PtH and TES.

2.6. Conducted optimizations

Table 4 contains details of all the optimizations carried out. A total of
four studies can be distinguished. Study A examines the base cases. The
base cases differ in terms of the variable components and whether the
curtailment of PPA electricity is prohibited or allowed. The PPAs can
always be dimensioned individually in all simulation runs. Three
different combinations of optional components with variable size were
considered: 1) Only PPAs without additional components; 2) PPAs in
combination with a PtH-Steam unit; 3) PPAs in combination with a
molten salt TES system. The results of Study A provide information on
how much additional renewable electricity a PtH or storage system can
integrate into the utility system and what impact this has on the annuity.
In addition, the share of curtailment and its impact on the economics can
be compared.

Study B is a sensitivity analysis to determine how the optimization
results are affected by changes in the price of green hydrogen. Study B
focuses on a combination of PPAs with a molten salt TES system. Cases
with and without curtailment are considered. The hydrogen price was
varied in 10% increments from 70% (4.80 €/kg) to 130% (8.91 €/kg) of
the base value. The lower threshold value of the sensitivity analysis
represents a progressive hydrogen price with a positive AEL cost trend

and lower OPEX than anticipated. In addition, imported green hydrogen
could be available at lower cost compared to domestic green hydrogen,
provided that the political regulations permit such an option. To put this
into perspective, the lower value corresponds approximately to a price
forecast for the year 2050 [63]. The higher threshold value, in turn, is a
more conservative cost estimate in the event that the AEL cost trend falls
short of expectations.

Study C is another sensitivity analysis to investigate the impact of
TES investment costs on the optimization results. As in the previous
sensitivity analysis, cases with and without curtailment are considered.
The investment costs of all three TES components (charge, storage and
discharge) are varied in 10 % steps from 70 % to 130 % of the base value
(see. Table 1 for base values). The lower end of this parameter variation
corresponds to a reduction in TES investment costs due to a positive cost
trend or financial support, e.g. government funding. The investment
costs derived in this work may underestimate the actual values. The
upper threshold of this sensitivity analysis should account for this
contingency.

Study D takes a closer look at the impact of steam turbine size. As
before, combinations of PPAs with TES and the impact of renewable
electricity curtailment are investigated. With larger steam turbine ca-
pacities, the potential for electricity generation by the TES system in-
creases. The original steam turbine capacities of the utility system are 30
MWel, 20 MWel and 10 MWel for the high-, medium- and low-pressure
steam turbine, respectively. Instead of setting specific fixed values,

Fig. 4. Optimization methodology for the zero-emission utility system including the required input parameters and optimization results.
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infinitely large steam turbines were implemented in the utility system to
draw conclusions about the optimal capacity. The resulting steam tur-
bine sizes are given in advance in Table 4 to give an idea of how large the
components must be to achieve the largest annuity decrease. Since the
costs for the steam turbine expansion are not part of the energy system
optimization, the results of Study D only provide an indication of
whether electricity generation during TES discharge has a noticeable
effect on the annuity.

3. Results and discussion

The results are presented in four subsections according to the studies
conducted. The base cases are subject of the first subsection (Study A).
Then, the sensitivity analysis regarding the hydrogen price is discussed
(Study B). After that follow the results of the TES investment cost

sensitivity study (Study C). Finally, the influence of steam turbine size
on the optimization results is analyzed (Study D).

3.1. Results of Study A: Base cases

The first step is to gain a better understanding of how a PtH unit or
TES system can improve the integration of renewable electricity. To this
end, Fig. 5 shows the electricity supply and curtailment over a repre-
sentative period of 48 h for all six base cases. Electricity supply refers to
electricity that is transferred to the utility system. Thus, the sum of
electricity supply and curtailment equals the maximum renewable
electricity generation by PV and wind. For reference, the diagrams
include lines for the electricity demand and total energy demand (steam
+ electricity). The influence of PtH and TES is first explained qualita-
tively with reference to Fig. 5. The discussion of the quantitative results

Table 4
Overview of conducted optimization runs.

Study A: Base cases

Acronym Variable components Curtailment H2 price

PPA-w/oCurt PV&Wind PPA x 6.85 €/kg ​
PtH-w/oCurt PV&Wind PPA + PtH x 6.85 €/kg ​
TES-w/oCurt PV&Wind PPA + TES x 6.85 €/kg ​
PPA-w/Curt PV&Wind PPA ✓ 6.85 €/kg ​
PtH-w/Curt PV&Wind PPA + PtH ✓ 6.85 €/kg ​
TES-w/Curt PV&Wind PPA + TES ✓ 6.85 €/kg ​

Study B: Hydrogen price sensitivity ​

Acronym Variable components Curtailment H2 price ​

TES-w/oCurt-070%€H2 PV&Wind PPA + TES x 4.80 €/kg ​
TES-w/oCurt-080%€H2 “ x 5.48 €/kg ​
TES-w/oCurt-090%€H2 “ x 6.17 €/kg ​
TES-w/oCurt-100%€H2 “ x 6.85 €/kg ​
TES-w/oCurt-110%€H2 “ x 7.54 €/kg ​
TES-w/oCurt-120%€H2 “ x 8.21 €/kg ​
TES-w/oCurt-130%€H2 “ x 8.91 €/kg ​
TES-w/Curt-070%€H2 “ ✓ 4.80 €/kg ​
TES-w/Curt-080%€H2 “ ✓ 5.48 €/kg ​
TES-w/Curt-090%€H2 “ ✓ 6.17 €/kg ​
TES-w/Curt-100%€H2 “ ✓ 6.85 €/kg ​
TES-w/Curt-110%€H2 “ ✓ 7.54 €/kg ​
TES-w/Curt-120%€H2 “ ✓ 8.21 €/kg ​
TES-w/Curt-130%€H2 “ ✓ 8.91 €/kg ​

Study C: TES cost sensitivity

Acronym Variable components Curtailment H2 price TES cost

TES-w/oCurt-070%€TES PV&Wind PPA + TES x 6.85 €/kg 70 %
TES-w/oCurt-080%€TES “ x 6.85 €/kg 80 %
TES-w/oCurt-090%€TES “ x 6.85 €/kg 90 %
TES-w/oCurt-100%€TES “ x 6.85 €/kg 100 %
TES-w/oCurt-110%€TES “ x 6.85 €/kg 110 %
TES-w/oCurt-120%€TES “ x 6.85 €/kg 120 %
TES-w/oCurt-130%€TES “ x 6.85 €/kg 130 %
TES-w/Curt-070%€TES “ ✓ 6.85 €/kg 70 %
TES-w/Curt-080%€TES “ ✓ 6.85 €/kg 80 %
TES-w/Curt-090%€TES “ ✓ 6.85 €/kg 90 %
TES-w/Curt-100%€TES “ ✓ 6.85 €/kg 100 %
TES-w/Curt-110%€TES “ ✓ 6.85 €/kg 110 %
TES-w/Curt-120%€TES “ ✓ 6.85 €/kg 120 %
TES-w/Curt-130%€TES “ ✓ 6.85 €/kg 130 %

Study D: Steam turbine size sensitivity

Acronym Variable components Curtailment H2 price Steam turbines

TES-w/oCurt -ST PV&Wind PPA + TES x 6.85 €/kg 81/77/94 MW
TES-w/Curt -ST “ ✓ 6.85 €/kg 64/53/65 MW
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follows afterwards.
Starting with the two upper diagrams, Fig. 5a (without curtailment)

and Fig. 5b (with curtailment) show results for cases in which only PPAs
were available as variable components. In these circumstances, the
electricity supply cannot exceed the maximum power consumption of
the utility system at any time during the year. The maximum power
consumption is the sum of the current electricity demand plus the ca-
pacity of the small 10 MWth PtH unit. Without curtailment, the elec-
tricity feed-in is limited. As can be seen in Fig. 5a, not enough renewable
electricity can be supplied to cover the electricity demand in the time
period displayed. Allowing curtailment increases electricity procure-
ment, as shown in Fig. 5b. At certain times, the entire electricity demand
can be covered by PV and wind. To achieve this, larger volumes of
electricity must be curtailed. Apparently, it is economically feasible to
bear the cost of curtailment in order to reduce the consumption of
expensive green hydrogen. Green hydrogen is still needed to meet parts
of the electricity demand and almost the entire steam generation in both
cases.

Fig. 5c (without curtailment) and Fig. 5d (with curtailment) show the
outcome when the optimizer can build additional PtH-Steam capacity on
top of the existing 10MWth unit. Overall, more renewable electricity can

be integrated into the utility system. With a large PtH unit the maximum
electricity supply is now limited by the total energy demand. Hence,
electricity and steam demand can be partially covered from renewable
electricity. As expected, curtailment further improves the electrification
of steam production.

Energy storage solutions are required to increase the feed-in of
renewable electricity beyond the total energy demand. The optimization
results with the TES system as a variable component are presented in
Fig. 5e (without curtailment) and Fig. 5f (with curtailment). Electricity
procurement is increased compared to the PtH cases. In Fig. 5e, for
instance, the electricity supply exceeds the total energy demand be-
tween 32 h and 40 h. This surplus electricity is used to charge the TES
system. The stored energy can be applied to close gaps between energy
demand and renewable energy generation at later times, e.g. between
40 h and 48 h. Curtailment provides flexibility for storage operation to
integrate even more renewable electricity, as can be seen in Fig. 5f.

In summary, PtH solutions increase the integration of renewable
energy through electric steam generation. TES extends this effect since,
in addition to the PtH function, energy can be stored to electrify steam
generation and reproduce electricity at times when there is not enough
renewable electricity available. Permitting curtailment increases the

Fig. 5. Electricity supply and curtailment during a two-day period for all base cases.
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feed-in of renewable electricity and the impact of the PtH-Steam and TES
system. This additional flexibility in turn enhances the electrification of
the energy supply and reduces H2 consumption.

To put the effects of PtH, TES and curtailment in numbers, Fig. 6
shows the annual energy mix for all six base cases. First of all, minor
variations in the overall energy supply can be observed, which can be
attributed to different efficiencies of the energy converters. Starting with
the PPA only scenario without curtailment, it is evident that the main
energy source is green hydrogen, which accounts for 89 % of the energy
mix. Renewable electricity is only integrated to a limited extent with an
11 % contribution to the energy mix. In the considered scenario, wind is
preferred over PV because it provides more consistent electricity gen-
eration (lower variance) over the entire year and is therefore easier to
integrate. Additional PtH capacity changes the picture slightly, in that
more wind electricity is procured and the share of renewable electricity
more than doubles. However, green hydrogen still accounts for the
majority of the energy supply. The energy distribution changes signifi-
cantly with the integration of a TES system.More wind electricity and, in
particular, more PV electricity is being integrated. In general, PV elec-
tricity has the lowest price and should be integrated first if it is feasible
from an operational point of view. The TES system offers the required
flexibility to integrate renewable electricity production peaks and
handle higher shares of PV electricity. As already discussed, the inte-
gration of renewable electricity improves in all cases whenever
curtailment is permitted. With TES and by allowing curtailment,

renewable electricity accounts for 85 % of the energy mix, while the
share of green H2 drops to 15 %.

The three percentage values above the bars in Fig. 6 with curtailment
indicate the share of curtailment. A value of 0 % would indicate that
none of the renewable electricity is being curtailed. In the PPA only
scenario, 83 % of the potentially available renewable electricity is used
and 17 % is curtailed to minimize the annuity. The share of curtailment
decreases marginally to 15 % by adding PtH capacity. The deployment
of a TES system results in the lowest share of curtailment with 6 %. This
demonstrates that TES not only integrates the highest share of renew-
able electricity and reduces green H2 consumption, but also results in the
most efficient utilization of the PV and wind power plants.

The annuity and its breakdown for the six base cases is depicted in
Fig. 7. In principle, a higher share of PV and wind results in lower an-
nuities, as expensive green hydrogen is displaced from the energy supply
mix. Large investment sums are required for TES in particular, which are
reflected in the annuity. Nonetheless, the cost savings from the reduced
procurement of green hydrogen outweigh the investment in TES.
Without curtailment, the annuity decreases by 9 % and 22 % with the
deployment of a PtH unit or a TES system, respectively. In the case of
permissible curtailment, even higher annuity savings can be observed.
Here the decrease of annuity amounts to 21 % for the PtH unit and 27 %
for the TES system. The difference between PtH and TES is less pro-
nounced with curtailment, since the PtH is capable of integrating larger
volumes of low-cost renewable electricity (see Fig. 6).

Fig. 6. Breakdown of energy mix and renewable curtailment for all base cases (Share of curtailment in percent values included for all cases where curtailment is
permitted; percentage values in the bars show the respective shares of PV, wind and green hydrogen in the energy mix; small contributions are neglected for the
purpose of readability). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Breakdown of the annuity for all base cases (Costs for operation & maintenance are included in the annual payment for the investment).
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In a previous study [27], a similar case with TES was analyzed.
However, an energy market scenario based on the European Green Deal
was considered. Electricity and gas were procured from the grids and
therefore still afflicted with CO2 emissions. In that study, annual costs
(electricity and gas only) were calculated at just over 300 M€ in 2035. In
this presented study Fig. 7 shows costs of 510 M€ (sum of PV, wind, H2
and curtailment bars). Hence, the costs for electricity and gas for zero-
emission operation are approximately 210 M€ respectively 70 %
higher in the best-case scenario (TES with curtailment) [27].

The installed capacities of all variable components resulting from the
optimization are listed in Table 5. The general principles underlying the
integration of PV and wind power have already been explained in detail
in the previous paragraphs. Table 5 underlines these conclusions by
providing the corresponding installed capacities. The size of the PtH and
TES discharge units depend on the steam demand and operating con-
ditions. The average and peak steam demands are 362 MWth (see Fig. 1
with 176 MWth + 186 MWth) and 455 MWth (not shown in Fig. 1),
respectively. With additional flexibility through curtailment and energy
storage, the electrification of steam demand peaks is becoming
increasingly economical, leading to larger PtH and TES discharge units.
Note that the TES discharge capacity exceeds the maximum steam de-
mand. The reason for this is that additional steam is required to drive the
available turbines and generate electricity during discharge.

Without curtailment in particular, very large charging and storage
units are required to integrate electricity peaks from PV and wind. These
components are sized significantly smaller with permissible curtailment.
In addition, the transmission lines to the chemical site can be dimen-
sioned smaller. Hence, curtailment of renewable electricity is more cost-
effective than oversizing the TES system and installing additional
transmission lines.

3.2. Results of Study B: Hydrogen price sensitivity

The price of green hydrogen is expected to have an impact on the
annuity as well as the dimensioning of PPA capacities and the TES sys-
tem. The annuity breakdown as a function of the green hydrogen price is
outlined in Fig. 8. It is only logical that higher green hydrogen prices
lead to higher annuities and vice versa. Without curtailment (Fig. 8a),
the annuity ranges from − 14 % to +12 % compared to the base value
with a variation in the green hydrogen price of ±30 %. The share of PV
and wind in energy procurement remains rather unaffected, while the
cost share of green hydrogen changes with its price. This is an indication
that for higher green H2 prices the feed-in of renewable electricity from
PPAs is capped. A combination of PPAs with TES can be efficiently
applied up to a certain capacity. The remaining energy demand must be
covered by combustion of green hydrogen.

The picture changes again for optimizations with curtailment
(Fig. 8b). The improved flexibility allows for more PPA integration and
the required amount of green H2 is smaller compared to the case without
curtailment. In fact, the contribution of green H2 to the annuity is more
or less constant, which indicates that less green H2 is procured at higher
prices. The reduction in green H2 consumption is compensated by the
integration of more wind power, while the cost and energy share of PV
remains unaffected by the price of green H2. In the case with

curtailment, the annuity variation is smaller with − 10 % to +6 %
compared to the base value with a variation in the green hydrogen price
of ±30 %. Slightly more renewable electricity is curtailed towards
higher green H2 prices. The share of curtailment ranges from 4 % (70 %
green H2 price) to 8 % (130 % green H2 price).

Fig. 9 gives more insight into the influence of the green hydrogen
price on the energy mix and TES unit sizes.

Fig. 9a shows that without curtailment the share of green H2 in the
energy mix can only be reduced to a small extent. In particular towards
higher green hydrogen prices almost no reduction occurs. By allowing
curtailment the share of green hydrogen decreases significantly from 23
% to 11 % over the considered price range. As already discussed, this is
achieved by integrating more PV (Fig. 9b) andwind (Fig. 9c) electricity
into the utility system. A modest increase in the share of PV electricity
can be observed for both cases without and with curtailment. Even with
curtailment allowed, there is apparently an upper limit for PV PPAs that
can be economically integrated. With curtailment green hydrogen is
largely substituted by wind electricity.

The TES charge power (Fig. 9d) increases moderately for cases
without curtailment to be capable of utilizing the added PV electricity.
Interestingly, with curtailment the TES charge power hardly changes
despite of a substantial increase in wind PPAs. The higher electricity
peaks are handled by expanding curtailment at higher green H2 prices
(see discussion of Fig. 8). With this measure, a small increase of TES
charge power apparently suffices to integrate the majority of the addi-
tional wind electricity.

The influence of the green H2 price on the TES capacity is shown in
Fig. 9e. The TES capacity increases for both cases with and without
curtailment. For higher H2 prices, larger sized TES systems can store
more renewable electricity. In the case without curtailment, in general
larger storage units are required because renewable electricity peaks
must be stored by the TES system. The increase flattens towards higher
green H2 prices, as the feed-in of renewable electricity is capped (see
Fig. 9b and Fig. 9c). In the case with curtailment the TES capacity more
than doubles from 4 GWhth to over 9 GWhth in the considered green
hydrogen price range of ±30 %. As discussed before, very large pro-
duction peaks are addressed by curtailment, to keep the cost of the
expensive TES charge unit at a minimum. However, an increase in
storage capacity is required to store the overall higher wind electricity
supply (see Fig. 9c).

Finally, the TES discharge power is plotted over the green hydrogen
price in Fig. 9f. The size of the TES discharge unit is almost independent
of the green hydrogen price or how curtailment is handled. As already
mentioned, steam demand and feasible full load hours are the decisive
influencing factors. With and without curtailment, a small increase of
the TES discharge power can be observed. During discharge of the TES
system, electricity generation with the on-site steam turbines becomes
more attractive at higher green H2 prices, which in turn leads to slightly
larger discharge units.

3.3. Results of Study C: TES cost sensitivity

Similar to the price of green hydrogen, the investment costs for TES
should also have a considerable influence on the optimal utility system.

Table 5
Installed capacities of variable components for all base cases.

PV installed Wind installed PtH TES charge TES storage TES discharge

MWel MWel MWth MWth MWhth MWth

PPA-w/oCurt 87 220 – – – –
PtH-w/oCurt 111 608 367 – – –
TES-w/oCurt 1604 874 – 1548 11,417 481
PPA-w/Curt 307 623 – – – –
PtH-w/Curt 709 1506 418 – – –
TES-w/Curt 1552 1428 – 959 6526 474
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First, the breakdown of the energy mix in relation to the TES investment
costs is depicted in Fig. 10. Without curtailment (Fig. 10a), the influence
on the energy mix appears to be rather negligible. Within the investi-
gated TES cost range, the share of renewable electricity in the energy
mix varies between 73 % at the lower to 71 % at the upper threshold of
the sensitivity analysis. The influence of the TES costs is slightly more
pronounced for cases with curtailment (Fig. 10b). The share of renew-
able electricity in the energy mix changes from 87 % to 83 % over the
TES cost range. As the costs of TES decrease, more renewable PPAs are
integrated to substitute green hydrogen and vice versa. The share of
curtailment is more or less constant in all cases investigated and lies
between 6 % and 7 %.

Fig. 11 shows the results of the sensitivity study with respect to the
annuity. Considering the cases without curtailment first (Fig. 11a), the
annuity varies from − 6 % to+5 %within the given TES cost range. With
the exception of investment as well as O&M costs, the annuity contri-
butions are relatively constant. This is to be expected, as the energy mix
is not influenced by the cost of TES either. In fact, the costs also have a
limited influence on the size of the storage components. The storage
capacity, for instance, decreases from 12.1 GWh (− 30 % TES costs) to
10.7 GWh (+30 % TES costs) when curtailment is not allowed.

The impact on the annuity is even smaller for optimizations with
curtailment (Fig. 11b). Here, the annuity ranges from − 4 % to +3 %
compared to the base value within the TES investment costs spread of

±30 %. There are only marginal changes in the contribution of invest-
ment and O&M costs to the annuity. In conclusion, the size of the storage
components changes significantly for cases with curtailment. Here, the
storage capacity decreases from 10.5 GWh (− 30 % TES costs) to 4.7
GWh (+30 % TES costs). Apparently, as the investment costs for TES
increase, it becomes more favorable to enhance renewable electricity
integration by curtailment.

In general, the results of the TES cost sensitivity study are similar to
those of the previous analysis of the green hydrogen price. Without
curtailment, flexibility in optimization is more limited and the ideal
composition of green hydrogen, PPAs and thermal energy storage is
subject to tighter restrictions. With curtailment, PPAs and TES systems
can be dimensioned more independently. Overall, the impact of the TES
investment costs appears to be smaller compared to the green hydrogen
price. This can be attributed to the fact that storage costs generally make
up a smaller contribution to the annuity.

3.4. Results of Study D: Steam turbine size sensitivity

The electricity generation capacity during TES discharge depends,
inter alia, on the available steam turbines (Fig. 1). In this sensitivity
study, infinitely large steam turbines were available for energy system
optimization to determine the maximum effect of larger steam turbines
on the annuity. A cost analysis and optimization of the additional steam

Fig. 8. Breakdown of the annuity depending on the green hydrogen price a) without curtailment and b) with curtailment. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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turbine power was not carried out.
The results for the annuity are shown in Fig. 12. The cases with larger

steam turbines are compared with the corresponding base cases. The
same green hydrogen price and PPAs + TES were considered as variable
components. Without curtailment, the annuity can be reduced by 5 %.
With the added flexibility of larger steam turbines, it becomes more
economical to integrate larger volumes of wind electricity to substitute
green hydrogen. The same applies to some extent to the case with
curtailment. However, the annuity reduction amounts to only 1 %.

To provide a better view on the results of this study, Table 6 lists the
installed PPA capacities as well as the TES component and steam turbine
sizes for the cases under consideration. In the standard case the steam
turbine capacities are 30 MWel, 20 MWel and 10 MWel (see Fig. 1) The
values provided for the new cases with infinite steam turbine capacities
represent the maximum output determined by the optimizer within the
representative year. Especially when curtailment is prohibited, a sig-
nificant increase of PPA capacities, in particular wind, can be observed.
To account for this a larger TES charge unit is installed. Contrary to
expectations, the size of the TES storage unit is reduced.

Apparently, it is feasible to charge and discharge the TES system

more frequently if larger steam turbines are available. This can also be
seen from the ratio between TES charging and discharging power
(without curtailment and with standard steam turbines 1548 MWth /
481 MWth = 3.2; without curtailment and with larger steam turbines
1924MWth / 1005MWth= 1.9). A ratio of 1 means only PtH mode of the
TES system while larger ratios correspond to increasing storage periods
(see subsection 2.1). For larger steam turbines, the TES discharge unit is
sized up significantly to produce enough steam to drive the on-site
turbines. To achieve the 5 % annuity reduction, the steam turbines
must be significantly larger. For example, for the case without curtail-
ment, the maximum power of the low-pressure steam turbine must be
increased more than ninefold.

Similar observations can be made for the case with curtailment.
However, the increase of PPAs, TES system and steam turbines is less
pronounced. The ratio between charge and discharge power decreases
from 2.0 to 1.4 when larger steam turbines are available. The annuity
can only be reduced by 1 % with larger steam turbines compared to the
base case.

Despite significantly larger steam turbines, the annuity cannot be
reduced by >5 % and 1 % without or with curtailment, respectively.

Fig. 9. Influence of the green hydrogen price on a) share of green hydrogen supply, b) TES charge power, c) share of PV electricity, d) TES storage capacity, e) share
of wind electricity and f) TES discharge power. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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There are two reasons for this: 1) Due to the PPA contracts with large
installed PV and wind capacities, hours with an undersupply of elec-
tricity are uncommon. For instance, in the case with curtailment and
standard steam turbine sizes, there are roughly 2000 h per year with an
undersupply of renewable electricity. As a result, the operating hours of
the steam turbines are generally limited. 2) High quantities of steam are
required to drive these large steam turbines. Ideally, the steam is
transferred between the steam lines via the turbines and then used to
meet demand for maximum efficiency. Excess steam that cannot be fed
to the end-use processes must be passed through the low-pressure steam
turbine and condensed in a cooling tower. This leads to a reduction in
the overall system efficiency. This efficiency reduction in turn is pre-
dicted to limit the economic impact of larger steam turbines.

Although extending the turbine capacity results in a lower overall
annuity of − 5 % without curtailment and − 1 % with curtailment, it is
questionable whether this option is of interest to utility system opera-
tors. Annuity savings are small compared to the investments in steam
turbines and a larger TES. Such large steam turbines are not typically
available since utility systems are primarily steam producers and use the
steam turbines in addition for arbitrage trades on the electricity market.
Finally, the space required for large cooling towers can be a show-
stopper, as the available space in chemical sites may not be available.

4. Summary and conclusion

This paper addressed the concept of a zero-emission utility system at
a typical large German chemical site. PV and wind power purchase
agreements (PPAs) as well as green hydrogen were considered as CO2-
free energy carriers. The flexibility options investigated included the
curtailment of renewable energy, power-to-heat (PtH) and thermal en-
ergy storage (TES). A model of a zero-emission utility system was
developed. The required input data were compiled, consisting of PPA
prices and generation profiles, curtailment cost, green hydrogen price
and the investment costs of PtH and TES components. Transmission lines
from power plants to the utility system as well as H2 pipelines were not
considered as investment costs in this study. The model was imple-
mented in TOP-Energy® for combined operational and structural opti-
mization. The size of the following components was optimized: Installed
capacities of PV and wind power plants corresponding to PPAs, PtH-
Steam, TES charging unit, TES capacity, and TES discharging unit.

In general, the feed-in of renewable electricity to substitute
expensive green hydrogen is the key pathway to reduce annual ex-
penditures. If the curtailment of renewable electricity is not
permitted, the feed-in of PPA electricity in the chemical site is heavily
restricted. PV and wind power supply cannot exceed the maximum

Fig. 10. Breakdown of the energy mix depending on the TES investment costs a) without curtailment and b) with curtailment (percentage values in the bars show the
respective shares of PV, wind and green hydrogen in the energy mix). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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electricity consumption of the utility system at any time of the year. By
adding a PtH unit, the feed-in of renewable electricity can be increased
to the combined electricity and steam demand. By implementing a TES
system, the renewable electricity feed-in can exceed the aforementioned
limitations. The TES system achieves this with two operating modes: 1)

PtH mode: Direct steam production from renewable electricity without a
time shift; 2) Charge and discharge mode: Surplus electricity is stored
and used at a later time when less renewable electricity is available.

The results for the case without curtailment regarding the energy
supply with green hydrogen and renewable electricity are as follows:

Fig. 11. Breakdown of the annuity depending on the TES investment cost a) without curtailment and b) with curtailment.

Fig. 12. Breakdown of the annuity for the steam turbine size sensitivity compared to the corresponding base cases.
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• Only PPAs available: 89 % green H2 and 11 % electricity
• PPAs + PtH-Steam: 73 % green H2 and 27 % electricity
• PPAs + TES system: 28 % green H2 and 72 % electricity

Allowing curtailment improves the operational flexibility of the
utility system. This leads to higher electrification rates, which reduces
the required amount of expensive green hydrogen and consequently the
annuity. The energy supply with green hydrogen and renewable elec-
tricity in the cases with curtailment is outlined below. The share of
curtailment is given as additional information:

• Only PPAs available: 73 % H2 and 27 % Electricity
(Share of curtailment 17 %)

• PPAs + PtH-Steam: 34 % H2 and 66 % Electricity
(Share of curtailment 15 %)

• PPAs + TES system: 15 % H2 and 85 % Electricity
(Share of curtailment 6 %)

Although the impact of TES is less profound when curtailment is
allowed, TES does lead to the lowest curtailment rate of 6 %. This means
that the deployment of TES results in the lowest annuities and highest
electrification rate, while the PV and wind installations are well utilized
and minimal renewable electricity is curtailed.

A sensitivity analysis was carried out with respect to the green
hydrogen price to further expand the scope of the study. The green
hydrogen price was varied by ±30 % of the base value and cases with
TES were considered. Within the specified hydrogen price range, the
annuity changes from − 14 % to +12 % without curtailment allowed.
The impact of the green hydrogen price variation is less significant with
permissible curtailment. In this case, the annuity varies only from − 10
% to +6 % compared to the base case. This sensitivity study provided
further evidence that very large TES systems are required to integrate PV
and wind electricity if curtailment is not allowed. Furthermore, there
appears to be a threshold for the maximum renewable electrification.
Beyond this point, it is more cost-effective to combust green hydrogen
rather than building even larger TES components in combination with
an extension of PPAs. On the other hand, the share of green hydrogen
can be reduced significantly and cost-effectively, if curtailment is
permitted. This is achieved by increasing the share of PPA electricity and
the increase of TES storage capacity. In this way, more renewable energy
is integrated while generation peaks are tackled through curtailment.

The second sensitivity analysis looked into the influence of TES
investment costs on the energy mix and annuity. The TES investment
costs were varied by±30 % of the base value. The annuity changes from
− 6 % to +5 % without curtailment allowed. With curtailment, the
impact of TES costs is further reduced. Here the annuity varies from − 4
% to+3%within the investigated cost range. Overall, the annuity is less
affected compared to the hydrogen price variation. This is due to the fact
that investment and O&M have a smaller cost contribution compared to
green hydrogen. The main conclusions of this sensitivity are as follows.
Without curtailment, the renewable electricity integration appears to be
capped. However, despite higher investment costs, it is still economi-
cally feasible to build large TES systems rather than switching to a
higher share of green hydrogen. If curtailment is permissible, the TES
systems are dimensioned significantly smaller with increasing

investment costs. However, the share of PV and wind electricity in the
energy mix still increases in this case, since production peaks can be
curtailed for a fee. One of the most important findings is that TES is
always a core component of the optimal zero-emission utility system,
even with very high investment cost assumptions.

Finally, the influence of the on-site steam turbine sizes and thus the
potential for electricity generation by the TES system during discharge
was studied. The electricity demand is already well covered by the PPAs,
resulting in low operating hours of the steam turbines. In addition, large
volumes of steam are required to ramp up the turbines. Steam that ex-
ceeds the demand must be processed through the low-pressure turbine
and then condensed. This leads to a reduction in the overall efficiency of
the system which also affects the economics. In summary, it can be
stated that larger steam turbines do not result in a notable reduction of
the annuity and a substantial increase in steam turbine power does not
appear to be a viable option.

In conclusion, this paper has shown that a zero-emission utility
system is feasible within the next decade, albeit requiring substantial
investments in green H2, electricity grid extensions, as well as flexibility
options. As flexibility options, TES plays a crucial role and shows the
best performance for efficient electrification and thus low annual ex-
penditures. Allowing curtailment of electricity from renewables can
further enhance the impact of TES and reduces electricity transmission
line installations. It is recommended to allow sufficient lead time for the
implementation of a zero-emission utility system for a chemical site.
Topics relevant for the adaptation of the utility system are: Clarification
of the regulatory framework; creation of a roadmap; expansion of the
electricity and hydrogen grid; development of test installations;
approval process; implementation and commissioning of the utility
system adaptation with TES.
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Table 6
Installed capacities of flexible components and steam turbines for the steam turbine sensitivity study in comparison to the equivalent base bases.

PV installed Wind installed TES charge TES torage TES discharge Steam turbines*

MWel MWel MWth MWhth MWth MWel

TES-w/oCurt 1604 874 1548 11,417 481 30/20/10
TES-w/oCurt-ST 1648 1415 1924 8848 1005 81/77/94
TES-w/Curt 1552 1428 959 6526 474 30/20/10
TES-w/Curt-ST 1630 1559 1055 7717 774 64/53/65

* The column steam turbine shows the installed capacity of the HP-, MP- and LP-ST in that order.
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