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Techno-economic assessment of renewable hydrogen production and the influence of grid participation

Abstract

Large-scale hydrogen production facilities will be required to supply the chemical energy demand
of certain industries in the future. The case for such production plants based on individual adapted
PV and wind farms has been addressed in several studies. However, most studies focus on an island
solution of the evaluated plant and therefore, do not allow grid assistance which significantly re-
duce the installed capacity of the corresponding units. To address this issue, we developed a tool
with a linear programming approach to evaluate any location around the world for its renewable
hydrogen production costs and the influence on the plant layout depending on its interaction with
the grid. A detailed techno-economic evaluation has been performed for five locations where hy-
drogen production costs in the range of 4 — 6 €,0,0/kg have been retrieved. Furthermore, it is shown
that with perspective cost data the costs can further be reduced to 2.50 €,0:0/kg.




1. Introduction

The usage of fossil based primary energy carriers has caused an increase in the concentration of
CO; and other greenhouse gases (GHG) in earth’s atmosphere resulting in global warming and the
climate crisis. While there are political instruments implemented around the globe to reduce these
emissions, with current measures mankind will most likely fail the goal of the COP21 Paris Agree-
ment limiting global warming to “well below” 2 °C (1, 2). In order to reach the 1.5 °C goal, a rapid
electrification of end-use applications, especially in the heating and transportation sectors is re-
quired (1). But there are sectors where a direct electrification is not feasible e.g., the steel industry,
aviation or shipping. For these sectors hydrogen and hydrogen-based synthetic fuels will have to
replace fossil chemical energy carries in order to reach the climate goals (1). This issue is addressed
by an enormous increase in global funding for research activities and first demonstration projects
regarding all aspects of a global hydrogen economy like the production, distribution, and utilization
(directly and via hydrogen-based fuels) (3-5). For the case of Germany, the hydrogen demand for
the year 2030 is predicted to be in the range of 90 — 110 TWh, of which about 14 TWh can be
produced domestically (6). Hydrogen import options might prevail in the near future while its origin
is not determined yet. Countries like Chile and Australia recently got a lot of attention for their
high potential to produce renewable energy (RE), such locations are called “sweet spots”. A trans-
parent techno-economic based rating of different locations is required and the first step to develop
a hydrogen import options map. Further social aspects, e.g. considering the local population and
its own development goals, must get addressed as well. The increase of RE-capacity has to be
carried out under a fair development partnership (7).

Only countries and regions with a clear climate-protection roadmap, e.g. electrifying their own
energy system, should be considered to provide hydrogen or hydrogen-bases fuels to the rest of
the world.

If a certain sweet spot is selected to build a hydrogen production plant from local “excess” RE, the
layout of the whole plant must be individually designed to the local conditions in order to achieve
high capacity factors of the RE sources and due to the high required investments (7). Furthermore,
the intermittency of the renewable power supply and its implications on the consecutive hydrogen
conversion step needs to be considered. Cryogenic liquefactions as well as the Fischer-Tropsch syn-
thesis, as an exemplary PtX process, are usually designed to run in a stationary mode; even though
recent studies focus on the dynamic behavior of these processes (8, 9). Load changes will consid-
erably reduce the production rate, they can lead to increased thermal stress resulting in higher
maintenance costs as well as challenges in the design of the process. In this study a hydrogen
production plant with its own RE sources is designed, so that a consecutive conversion step gets
supplied with a constant flow of hydrogen. Consequently, storage devices for electricity and hy-
drogen will be required for such a plant.



Several studies have examined the production costs for green hydrogen. In order to take the fluc-
tuating renewable energy supply into account, a dynamic simulation with an hourly temporal res-
olution is usually considered. Mallapragada et al. (10) assessed the levelized cost of hydrogen
(LCOH,) for the year 2030 for solar energy (PV) based plants with a continuous hydrogen supply of
100 t/d in the US. An “island solution” was considered for every plant, meaning no relevant exter-
nal mass or energy flows, except the water input and hydrogen output are considered. They iden-
tified a set of locations around the US where the LCOH, were as low as 2.5 $/kg with a plant
availability of 95 % if a salt cavern could be used as intermediate hydrogen storage. Schniille et
al. (11) assessed the current LCOH, for northern Germany based on PV, onshore, and offshore
windfarms, also focusing on island solutions in their business cases. In their study, a direct link from
the power source to the electrolysis is considered, mainly due to the German energy law to avoid
higher costs from grid fees and taxes. The minimum costs amount to 4.33 €/kgy, for the case with
an alkaline electrolysis and electricity from a fully depreciated onshore wind farm (11). Vartiainen
et al. (12), while also considering an island solution with an electrolyzer capacity of 100 MW,
estimated the PV based LCOH, for 10 locations for current costs as well as perspective costs up
until the year 2050. Their results indicate that the LCOH, in the year 2050 are lower than the
current LCOH, based on methane steam reforming, 0.30 - 0.84 €/kg compared to roughly
1.70 €/kg for every location considered (13). The year 2050 is also the reference year of the
“PtX-Atlas” published by Pfennig et. al (14). They focused on the LCOH, of liquid hydrogen in
coastal locations and retrieved values of 1.92 — 4.59 €/kg.

In summary, a lot of research activity has been going on regarding the assessment of hydrogen
production based on renewable energy like wind and PV and for island solutions, as can be seen
in Table 1. Large-scale hydrogen production plants will interact with the local electric grid, even if
they have their own RE sources. In this study, its implications on every step along the production
chain will be evaluated and thoroughly discussed. With the participation of the local grid, the hy-
drogen production costs can be further reduced by omitting the demand for storage equipment to
a certain extent. Furthermore, land use and the resulting ecological footprint might be reduced if
the installed capacities of the plant can also be decreased.

Table 1: Levelized costs of hydrogen - Selection of current and perspective cost predictions

Author Reference year RE supply Location considered LCOH:
Schnulle (11) 2020 Wind & PV Northern Germany 4.33 -12.38 €/kg
Vartiainen (12) 2020 PV Various (focus on high PV potential) 0.93 -2.16 €/kg
Vartiainen (12) 2030 PV Various (focus on high PV potential) 0.60 — 1.44 €/kg
Mallapragada (10) 2030 PV USA (10 most favorable sites) 1.98 — 4.00 $/kg

Pfennig (14) 2050 Wind & PV Various (global PtX-Atlas) 1.92 —4.59 €/kg (liquid)




The aim of this study is a reproducible and transparent assessment of hydrogen production plants
designed to minimize each site-specific cost for a constant hydrogen supply including potential grid
support. Several sweet spots around the globe are evaluated to consider different climate condi-
tions. Grid assistance leads to the fact that the produced hydrogen will not be 100 % renewable,
but it might be beneficial from a technical, economic and even ecological point of view. This rela-
tionship between partial electric grid support and the optimal dimensioning of the unit operations
is the focus of this study. The basic outline of the hydrogen supply plant is depicted in Figure 1.
The consumer might be a liquefaction plant for green hydrogen export or any other PtX-plant.
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Figure 1: Basic process layout of a hydrogen production plant



2. Methodology of techno-economic evaluation

2.1. Definition of the case study

In this study, the layout of a plant is evaluated that continuously supplies an undefined downstream
processing plant with hydrogen. To consider different climate conditions, 5 sweet spots around the
globe are evaluated. First, a base case [BC] is evaluated to retrieve the currently achievable minimal
LCOH;, which will be reported in €,0,0kgn, The base case considers the current technical and eco-
nomic progress and an “island solution” as reference frame. Then, different scenarios are evalu-
ated; to mimic downtime periods of the downstream plant, the downtime case [DT] is considered
where no hydrogen is delivered to the downstream processing plant for a consecutive time of
760 hours. This case is evaluated to see, if purposely overlapping schedulable maintenance works
with periods of low RE production potential will be beneficial for the LCOH,, since hydrogen pro-
cessing plants have usually 8'000 operating hours per year (15). In the cases G-10 and G-25 no
downtime is considered but the influence on the plant layout is determined when a certain amount
of power can be drawn from the electric grid. For the G-10 case, the electric power drawn from
the grid is enough to meet 10 % of the required hydrogen flow and 25 % in the G-25 case,
respectively. All cases are listed in Table 2. Additionally, in a sensitivity analysis the future reduction
potential of LCOH, will be outlined by using cost decline predictions. In the sensitivity analysis cost
predictions for photovoltaic (PV) cells and electrolyzers are considered, for further details see sub-
chapter 3.1.1 and 3.3. The total annual hydrogen mass flow is taken from a previous study and
amounts to 225500 t/a (16). This is equivalent to 10 % of the minimum hydrogen import demand
in the year 2030 according to the German hydrogen strategy (6) and corresponds to 25.74 tu/h
and a power output of 858 MWy, tnv. A mass flow in this order of magnitude exceeds the limits of
a scale up approach and requires numbering up of the individual process units. This justifies the
linear programming approach introduced in subchapter 2.2 that is used to determine the minimal
LCOH; for every location and scenario. Since the hourly mass flow will not be adapted, the annual
mass flow is reduced to 205936 t in the downtime case.

Table 2: Cases evaluated in the study

Case Adaptation to base case

Base case - [BC] -

Downtime case - [DT] Downtime of 760 hours of the downstream plant is considered — evaluation as island system
Grid connection - [G-10]  Grid supply can meet 10 % of the required H, flow (2.57 t/h)

Grid connection - [G-25]  Grid supply can meet 25 % of the required H, flow (6.48 t/h)

Sensitivity - S1 Sensitivity analysis regarding PV costs

Sensitivity - S2 Sensitivity analysis regarding electrolyzer data

Sensitivity - S3 Sensitivity analysis regarding PV and electrolyzer data




As already stated, one year with a temporal resolution of one hour is considered for the dynamic
simulation. For the evaluation, discrete mass and energy packages are transferred in between the
unit operations of the plant, giving it a pseudo-continuous appearance. An exemplary temporal
course and intermediate results are given in chapter S.1.2 in the supplementary information. RE is
supplied via wind turbines and PV panels depending on their availability, which is determined from
weather data from the individual location. Electric energy is either stored for later use or directly
transferred to the electrolysis unit, which can either be a proton exchange membrane (PEM) or
alkaline electrolysis. The produced hydrogen is transferred to the consumer or a hydrogen storage
unit. The total mass flow to the consumer, meaning the mass flow from the electrolysis unit plus
the flow from the storage unit, must be constant for every hour of the year. The whole plant is
designed to obtain the lowest LCOH, achievable. Excess electric energy gets curtailed. If a storage
unit is considered, it has the same loading level at the start and the end of the evaluated year.
Meaning it can have a loading level of 47 % at the beginning but then the loading level at the end
of the evaluated year must also be at 47 %. There are no upper limits regarding the installed ca-
pacities of the unit operations. Relevant data of the considered units can be found in chapter 3 and
are summarized in the supplementary information. Transmission and transformation losses of elec-
tric energy are neglected. Table 3 lists the basic input values of the scenarios.

Table 3: General input values for the techno-economic assessments

Unit Value Source
Hydrogen flow t/h 25.74 Assumption, based on (16)
Depreciation time a 20 Assumption, based on (15)
Weighted Average Cost of Capital (WACC) - 5% (17)

- OECD countries

WACC - non-OECD countries - 7.5 % (17)




2.2. Methodology of the techno-economic evaluation

The methodology of the evaluation is based on a previous study focusing on techno-economic
assessments (TEA) of chemical production plants and is extended to PV and wind farms (18). Fixed
capital investment (FCI) and partly the operating costs (OPEX) are estimated by using the factor
method. The factors to estimate the FCl, so called “Lang-factors', can be found in the supplemen-
tary information (20). Remaining OPEX arise from participating with the electric grid and labor
costs. With the given input data from chapter 3, specific annual costs C. (see Equation 1) are de-
termined and adjusted to every location.

In order to determine the plant layout with the lowest LCOH,, a tool has been developed in using
Py-Charm 2021.2 and employing the Gurobi solver (21). The underlying mathematical model de-
termines the lowest LCOH, by minimizing the objective function (Equation 1) with a linear pro-
gramming approach i.e., the specific annual costs G are independent of the corresponding installed
capacity:

Equation 1: Objective function of the mathematical model

Crotar = Cpy * X1 + Cying - X2 + Z Cpattery * X3pat T Cglec * Xa + Ceomp * X5 + Co_st * X6
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The decision variables (xi — xe) of the objective function are equivalent to the required installed
capacities of the corresponding units. These are the variables the solver is adapting to find the
lowest LCOH,. A set of constraints, i.e., boundary conditions is defined by linear equations which
describe all flows, conversions, efficiencies and losses of the entire hydrogen production plant. An
exemplary constraint is the requirement of the constant hydrogen flow, i.e., the mass flow from
the storage unit plus from the electrolyzer, as shown in Figure 1, must be equal to 25.74 t/h. Details
and equations of the mathematical model like the whole set of constraints can be found in chap-
ter S.1 of the supplementary information.

In addition to the LCOH,, useful intermediate results like the levelized costs of electricity (LCOE) or
the capacity utilization factor (CUF) of the PV and wind farms are obtained. The dynamic behavior
of the individual units and the storage systems of the plant along the year are also part of the
results. However, given that the mathematical model works with the weather data of the entire
year instantaneously, it inherently features “perfect foresight”. This means for example, that the

': First introduced by Lang, the “Lang” factor is the ratio between the costs of an equipment that has been
fully installed, designed incl. cost for building, construction etc. compared to its sole procurement costs from
a vendor. For fluid processing plants the “Lang” factor equals 5

19. Peters MS, Timmerhaus KD, West RE. Plant design and economics for chemical engineers: McGraw-
Hill New York; 2003.



model knows perfectly when and how much energy is required or needs to be stored to compen-
sate for a time of scarcity in the future, operating in the leanest way. In a more realistic scenario,
storage systems might be kept as full as possible during a certain season. This would result in a
higher CUF of the PV and wind farms, but also in a greater loss of energy due to possible self-
discharge of the storage systems. The schematic flowchart with the corresponding input and ex-
emplary output parameters is depicted in Figure 2.
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Figure 2: Schematic flow chart of the developed tool

2.3. Example locations for the evaluation

5 locations around the globe are evaluated. Since the influence of the grid is also evaluated, only
countries with a stable grid are considered. The locations are handpicked and selected on an em-
phasis of high potential for wind and solar energy (22, 23). Some of the locations are already
considered for large-scale renewable energy generation or PtX-projects (24-27). Table 4 lists the
location considered and the corresponding coordinates for which the weather data has been re-
trieved. Different tilt angles for the PV panels are considered, depending on the latitude of the
location, to increase the energetic output. The angles are determined by the method of Chinchilla
et al. (28).

Table 4: Example locations considered for the evaluation

Location Coordinates PV tilt angle Grid energy costs [€2020/MWh]
Pampa Anita, Chile -24.928, -69.740 24° 92.86 (29, 30)

Punta Arenas, Chile -53.175, -70.943 39° 92.86

Sakaka, Saudi Arabia 29.744, 40.095 27° 41.96 (31, 32)

Almeria, Spain 37.093, -2.357 32° 70.50 (33)

Northampton, Australia -28.352, 114.630 26° 197.95 (34, 35)




3. Unit operations of the hydrogen production plant

In this section, the relevant aspects of the unit operations considered for a process plant, as it is
depicted in Figure 1, are described.

3.1. Renewable energy supply

The availability of solar and wind energy is determined by the local and temporal weather condi-
tions. To consider different locations, publicly available data of the weather conditions with 2019
as the reference year and a local resolution of 0.5° x 0.625° is used (36-38). This is equivalent to
55.6 km x 63.02 km in Pampa Anita, the location closest to the equator, and 55.6 km x 41.65 km
in Punta Arenas, the location furthest away from the equator. Data for utility-scale PV and onshore
wind farms are taken from (17).

3.1.1.  Solar energy supply

The input variable for the determination of PV power supply is the sum of direct and diffuse solar
irradiance. For simplicity reasons, all PV panels have the same orientation at a certain location and
no tracking is considered. Cost data for the investment as well as operating and maintenance
(O&M) of utility-scale PV farms in the corresponding countries are taken from a study published by
IRENA (17). Since installed costs are given, no Lang-factors are required. Based on the efficiency,
which is considered to be 20.3 % (39), the required area of PV panels is estimated. Degradation of
the solar panels is neglected. Labor demand amounts to 46.33 full time equivalent (FTE) for each
GW of installed PV capacity (27). For the sensitivity analysis S1 and S3, fixed costs for utility-scale
PV with 100 €,0,0/m? are assumed. The translated values to USD2e0/kW as well as all values for the
solar energy supply are given in Table S.6 and S.7 of the supplementary information.

3.1.2. Wind energy supply

Local wind speed is the input variable to estimate the wind power supply. The used weather data
give the average wind speed for a reference height of 80 m above the ground. For wind turbines
with a different hub height, the wind speed is adapted by the power-law approach with an expo-
nent of 1/7, which is commonly used for smooth terrain on land (40). Two different wind turbines
are considered. Technical data from the model V112-3.45 MW®by Vestas is used for wind turbine |
(41, 42). For wind turbine Il the model GE 2.5 ®by General Electric is considered (43). Power curves
of both turbines are shown in Figure 3. Both wind turbines have a cut-out wind speed of 25 m/s.
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Figure 3: Power curves of considered wind turbines

Investment and O&M cost data for the corresponding countries is taken from (17) and given in
Table S.8 and S.9 of the supplementary information. Since installed costs are given, no Lang-factors
are required. Labor demand amounts to 87 FTE for each GW of installed wind power capacity (27).

3.2 Electricity storage

For the intermittent storage of electric energy, only technologies that are independent of geo-
graphic locations will be included in the model, i.e., pumped-hydro storage and compressed-air
energy storage are not considered. Fly wheels are excluded due to their high costs and self-dis-
charging rates (44). Therefore, only battery systems are considered. Data for Li-ion, lead and vana-
dium redox flow (VRF) batteries is taken from Julch et al. (45) and listed in Table S.10 and S.11 in
the supplementary information.

3.3. Hydrogen production

Hydrogen is produced in either an alkaline or PEM electrolyzer unit (AEL or PEM-EL). The alkaline
electrolyzer is a mature technology with the global installed capacity reaching the MW-scale (46).
Contrary, there are still challenges that need to be addresses in order to achieve a large-scale im-
plementation of the PEM-EL, e.g., the reduction of iridium loading due to the low availability of the
metal (47). The required electrolyzer capacity in this study reaches the low GW-scale. Currently,
most large-scale projects are focused on building electrolyzer units with capacities around
10 = 100 MW (48-50). Therefore, cost data for 100 MW units will be considered and the required
capacity will be achieved by numbering up. Specific costs are 400 US-$,0,0/kW for an AEL and
500 US-$,0:0/kW for a PEM-EL (51). To estimate the installed costs of the whole electrolyzer unit, a
Lang-factor of 1.62 is considered? (52). For O&M costs, the same assumptions as in Schnille et al.
are used (11). Furthermore, Schnulle et al. have been shown that water costs have only a small
impact on the final hydrogen costs. Therefore, water costs are neglected in this study. For the whole

2 The ,Lang” factor for the electrolyzer is significantly smaller than the previously mentioned value of 5. The
value of 5 is an empirical value mainly derived from apparatus and machines used in chemical fluid processing
plants. Therefore, it is adapted for an electrochemical unit.



production plant, a load flexibility of 0 — 100 % is considered. This flexibility does not apply to a
single electrolyzer but is assumed to apply to the entire system as several units will be operated in
parallel. For simplicity reasons, the efficiency is considered to be independent of the load and no
electricity demand is considered for stand-by. The AEL requires 51.9 kWh/kgy, and the PEM-EL
54.3 kWh/kgu,. Since the electrolysis is a highly automated process, the required labor demand is
rather low and no data from literature could be obtained. It is assumed that two people per shift
are required for every 100 MW of installed electrolyzer capacity. Regarding the sensitivity analysis,
Vartiainen gives different values for utility-scale CAPEX for the years 2030 — 2050 with costs de-
creasing from 240 €/kW, to 80 €/kWe,  (12). The value of 80 €/kW.is considered to be too optimistic
in the authors opinion. Therefore, the system costs of 160 €kW. with an efficiency of 48 kWh/kgu
are chosen as a very optimistic scenario for the sensitivity analysis S2 and S3. Input data for the
hydrogen production is summarized in table S.12 and S.13 of the supplementary information.

3.4. Hydrogen compression and storage

Compressed hydrogen storage at a level of 250 bar is considered for the intermittent hydrogen
storage. Higher storage pressures are not beneficial from an economic point of view (53). In the
required compression step, a maximum pressure ratio of 3 is assumed per stage (54). For simplicity
reasons, the pressure after the compressor step is always 250 bar. Hydrogen losses of 0.8 % are
considered in the compression step due to leakage from the sealings (55). Cost data for the com-
pressor is taken from literature for the size of a 4’000 kW reciprocating compressor (54). This size
has been chosen as a compromise between economy of scale and redundancy. The procurement
costs for the storage containers are 700 $2020/kgn, (56). The Lang-factor for the storage is assumed
to be 2 (57). A labor demand of 1 person per shift and 5 t of hydrogen storage capacity is assumed
for surveillance. Input data for hydrogen compression and storage is summarized in Ta-
ble S.14 and S.15 of the supplementary information.



4. Results and Discussion

A TEA of a hydrogen production plant for several locations was conducted with the goal to mini-
mize the levelized costs of hydrogen for every considered case. The individual technical aspects as
well as costs for every unit operation of the plant were estimated with data from the given refer-
ences. This section gives an overview over the key findings. Detailed results can be found in the
supplementary information.

4.1. Technical evaluation

The aim of generating large amounts of hydrogen is the transformation of renewable electric en-
ergy into a versatile chemical that can be utilized elsewhere. Therefore, it is relevant to know how
the renewable energy can be used the most efficient way. Depending on the different climatic
conditions and the predefined cases from Table 2 the required installation capacities change, also
leading to different utilization factors of the corresponding units. Figure 4 shows the required in-
stalled capacities of the RE sources of the plant layout with the lowest LCOH; for the different
locations and the defined cases. The dashed grey horizontal line indicates the power demand of a
constantly running alkaline electrolyzer that generates the required hydrogen mass flow of
25.74 t/h.
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Figure 4: Installed PV and wind farm capacity for the different locations and cases

It can be seen how the tool adapts the most economic plant layout to the different climatic condi-
tions and cases. While PV is preferred as RE supply for both in Pampa Anita and Almeria, in Punta
Arenas and Northampton wind energy is preferred with the former using it exclusively. In every run
wind turbine Il (adapted on GE 2.5) is the more economic option. The base case is almost always
the case with the highest installed capacity of RE generation. Enabling the plant to draw a certain



electric power demand from the grid leads to a decrease of the required capacity of RE generation,
while the ratio of installed PV to wind capacity is almost unaffected by this. For the downtime case,
the installed capacity decreases in Punta Arenas, Almeria and Northampton compared to the base
case while it increases in Sakaka. In Pampa Anita almost no change is observable. Furthermore, in
Sakaka it can be seen that the ratio between installed PV and wind capacity changes. Since the
installed RE capacity exceeds the size of the electrolyzer in every location, RE has to be curtailed if
the RE sources run at full capacity. In Figure 5 the different RE utilization rates for the different
cases and locations are shown.
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Figure 5: Utilization rate of RE for the different locations and cases

It can be seen that the ratio of utilized RE increases if grid participation is possible. This meets the
expectation because the plant doesn’t need to be as over-dimensioned as in the base case. Increas-
ing storage capacity and thus increasing the utilization rate in the base case would lead to higher
LCOH.. Therefore, increasing the utilization rate in the base case is not economically beneficial.
Again, for the downtime case no clear trend is observed. The utilization ratio even decreases in
Pampa Anita. Since it is the aim to convert RE into hydrogen, it is relevant to know how much grey
energy from the grid is used in the G-10 and G-25 cases. The share of used grid energy compared
to the total amount of energy used is listed in Table 5. Even in the G-25 case less than 8 % of the
used energy is drawn from the grid.

Table 5: Percentage of grid energy used for hydrogen production

Location G-10 G-25
Pampa Anita 2.0% 7.6%
Punta Arenas 0.4% 1.7%
Sakaka 0.7% 3.3%
Almeria 0.8% 4.8%

Northampton 0.5% 1.7%




Electricity storage was not considered by the tool in every location for every case. The reason behind
this will be discussed in subchapter 4.3. Furthermore, only the alkaline electrolysis is used in every
evaluation since it is more economic. The installed electrolyzer capacity is shown in Figure 6. As in
Figure 4, the dashed grey horizontal line indicates the power demand of a constantly running al-
kaline electrolyzer that generates the required hydrogen mass flow of 25.74 t/h. The actual elec-
trolyzer capacity has to be over-dimensioned for times where the electrolyzer is idle. Pampa Anita
and Almeria, both locations with a high share of PV for installed RE capacity, have larger electrolyzer
capacities than locations that focus on wind energy. This also meets the expectation because over-
production and storage are required to supply the downstream plant with hydrogen during the
night. While the electrolyzer in Punta Arenas is only oversized by 38 % for the base case, this value
rises to 168 % in Pampa Anita.
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Figure 6: Installed electrolyzer capacity for the different locations and cases

A reduction of electrolyzer capacity can be seen for all cases with grid participation and is more
prominent for locations with a high installed PV capacity, especially in Almeria where the electro-
lyzer capacity is 0.65 GW (-18.3 %) lower in the G-25 case than the base case. The installed elec-
trolyzer capacity in Punta Arenas is already close to the minimum required size, so the reduction
potential is also low compared to other locations. The utilization ratio of the electrolyzers is shown
in Figure 7. Since the produced amount of hydrogen is the same for all locations, the correlation
between a higher installed capacity and a lower utilization ratio is expected.
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Figure 7: Utilization ratio of the electrolyzers for the different locations and cases

In order to overcome the intermittency of the RE supply and therefore the hydrogen production,
compressed hydrogen storage was chosen for the most economic plant layout in every evaluation.
The required storage capacity is shown in Figure 8. On the right axis the maximum duration is given,
how long the storage tanks could supply the downstream processing plant with hydrogen. If the
storage tanks were fully loaded and the only hydrogen source for the downstream plant.
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Figure 8: Required compressed hydrogen storage capacity for the different locations and cases



It can be seen that locations with a high amount of installed PV capacity tend to require a smaller
storage capacity. Especially in Pampa Anita the required capacity is rather small and can even be
halved by enabling the usage of grid energy. Punta Arenas requires the largest storage capacity.
This might be because it only relies on wind energy as RE source and that the option is more
economic than installing additional PV farms. The size of the storage capacity is not the only decisive
factor. Similar to the electric energy storage the maximum charging rate is also relevant. This value
is a result from the model and is determined by the amount of installed compressor capacity. The
results are depicted in Figure 9. Surprisingly, the required capacity of the compressor increases for
the cases with grid assistance. Furthermore, the locations with a small required storage capacity
have a higher compression capacity and thus, a higher “charging” rate for the compressed hydro-
gen storage. For locations with a high share of RE supplied from PV farms, the mass flow to the
storage facilities can be up to twice as high as the mass flow to the downstream processing plant.
This is indicated by the right axis in Figure 9. The large required compression capacities for these
locations are in accordance with the results from Figure 6 where the required capacities of the
electrolyzers are shown. In peak production times, the hydrogen produced from a strongly over-
dimensioned electrolyzer also has to be processed in a certain way. A detailed analysis on the utili-
zation of the storage devices can be found in chapter S.4 where the amount of hydrogen stored
over the course of the year is depicted in a sorted and descending order.
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Figure 9: Installed compression capacity for the different locations and cases

4.2. Economic evaluation

For the economic evaluation the FCl and the resulting depreciation costs as well as OPEX are esti-
mated. Based on those, the levelized costs of hydrogen are given in €,0,0/kgu,. Figure 10 shows the
absolute and specific FCI for the different locations and pathways.
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Figure 10: FCI for the hydrogen production plant for the different locations and cases

The specific values on the right axis of Figure 10 are based on the annual amount of 225500 tons
of hydrogen. In order to produce hydrogen in this scale, the required investments are roughly in
the range of 7 — 9 billion € for the base case. Since this case requires the highest installed capacities
for the different unit operations, it also has the highest FCI for every location. In most locations the
RE supply is clearly the most dominant cost contributor of the FCI. In Punta Arenas the RE supply
still accounts for roughly half of the FCI. The share of hydrogen storage is also very high due to the
aforementioned reasons. With the possibility to use electric energy from the grid, the FCl is reduced
in every location. For the G-10 case, the reduction amounts to 8.1 — 9.1% for the different loca-
tions and reaches 16.9 — 22.4 % in the G-25 case. The levelized costs of hydrogen are shown in
Figure 11.
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Figure 11: LCOHz for the different locations and cases

Except for the location of Northampton, the DT case is more expensive than the base case. Espe-
cially for Pampa Anita the consideration of a downtime has a negative effect on the LCOH,. There-
fore, this case is not further considered in the sensitivity analysis. The effect of grid participation
reduces the LCOH; in every location. The costs of electricity from the grid are almost negligible for
the G-10 case in every location. Only for the G-25 case in Pampa Anita they are roughly as relevant
as the costs for hydrogen storage and compression. In both cases, G-10 and G-25, the smaller
installed capacity, as depicted in Figure 4, outweighs the cost of electricity from the grid and causes
a reduction of the LCOH,. In general, the LCOH, are lowest in Punta Arenas with 3.45 €/kgs, in the
G-25 case as the most economic option.

The results of the sensitivity analysis introduced in Table 2 are depicted in Figure 12. In the analysis,
the LCOH; retrieved with current cost (CC) data are compared with LCOH, retrieved considering
perspective costs for PV (S1), the electrolyzer (52) and for both (S3). The total height of the indi-
vidual columns corresponds to the current cost scenario shown in Figure 11. The cost altering effect
is shown for every individual sensitivity. To evaluate the cost reduction potential, the black colored
part of the column plus the corresponding boxes above the part have to be considered. It can be
seen for Punta Arenas that no cost reduction from CC to S1 and from S2 to S3 is visible in the
diagram. The location relies only on wind power in every evaluation and therefore, the current
LCOH, are equal to LCOH, of S1. The same applies to the LCOH, of S2 and S3, respectively. The
reduction of electrolyzer costs in S2 has a stronger influence on the LCOH,, than lower costs for PV
in S1 for every case in every location. It is most prominent in Almeria followed by Pampa Anita. This
is in accordance with the results shown in Figure 6 since both locations have the largest installed
electrolyzer capacity and the lowest utilization rate of the electrolyzer. In the S3 sensitivity it can be



seen that all LCOH, are below 4 €/kgu, with most values in the range between 3 — 4 €/kgy,. Only
in Chile and Northampton in the G-25 case the costs reach values below 3 €/kgu, with 2.50 €/kgn,
in Pampa Anita for the case of G-25 as the most economic option of S3. One aspect that applies
for every sensitivity is a change in the merit order of the most economic option, e.g., when future
costs for PV and the electrolyzer are considered (S3), hydrogen can be produced more economical
in Pampa Anita than in Punta Arenas. This is not the case using current costs or in the S2 evaluation.
Detailed results of the sensitivity can be found in chapter S.4 of the supplementary information.
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Figure 12: Reduction potential of different sensitivities on the LCOH,



4.3. Discussion

With the developed tool the layout of a plant producing hydrogen from RE and grid electricity can
be determined. It is shown that with the current technological progress and the conditions of the
base case, LCOH, between 4 — 6 €,0:0/kg are feasible. One major finding of this study is the ad-
vantage that grid assistance has appreciable impact on the technical and economic key perfor-
mance indicators. The grid connection leads to lower installed capacities of the unit operations
while increasing their utilization rate. Especially for the G-25 case in Punta Arenas, where only
1.7 % of the total energy is drawn from the grid, the LCOH,, are reduced by almost 20 % compared
to the base case. Therefore, when such a plant is built in the future it should be expected to interact
with the local grid to bridge times with low local RE supply and even sell excess energy to the grid
instead of curtailing it. In subchapter 4.1 it is stated that no electricity storage is used in the evalu-
ations. The aspect that electricity storage is not economic compared to hydrogen storage has al-
ready been explained by Mallapragada (10). For a comparison it has to be considered if it is more
economic to store the electric energy to produce one kg of hydrogen or storing the actual produced
hydrogen. Even with perspective data from Jilch, the cheapest specific costs prediction is
190 €,015/kWh. for storing electric energy (45). This corresponds to 6333 €,015/kgn, with the LHV
of 33.33 kWh/kgs,, so even without considering the efficiency losses from the electrolyzer, it is 10
times more expensive than the specific costs for storing compressed hydrogen with roughly
613 €020/kgu,, (Neglecting the different reference years). Therefore, focusing on compressed hy-
drogen storage to achieve a constant hydrogen supply is the more economic option.

The results of the base case from this study confirm the outcomes of previous studies for the in-
stallation year 2020. Schnulle et at. received minimum LCOH, of 4.33 €,0,0/kg with onshore wind
turbines after their remuneration period (11). While Mallapragada estimated LCOH, of 2.5 $/kg for
2030 with perspective cost data and a salt cavern for intermediate hydrogen storage (10). This is in
accordance with the results from the sensitivity analysis shown in Figure 12, especially, if the given
accuracy of the applied cost estimation and the influence of the different locations are considered.

Several aspects have to be acknowledged that influence the presented results. One aspect is the
stiff requirement of a constant mass flow over the whole period of time. The evaluated hydrogen
production plant is suppling an undefined downstream plant. For this study, only the hydrogen
production plant was considered to be flexible which corresponds to a scenario with maximum
LCOH.. If a range is required instead of a fixed value, e.g., a mass flow of 25.74 t/h £ 15 %
(21.9 — 29.6 t/h) the required storage demand and subsequently the LCOH, could be reduced. An-
other aspect is the weighted average cost of capital (WACC) since the gained LCOH, are dominated
by the depreciation of the FCI. With the given mass flow, a WACC of 5 % and 20 years as depre-
ciation time, 0.134 €/kgu, per billion € investment account for the cost of capital. This value in-
creases to 0.213 €/kgu, per billion € investment for the WACC of 7.5 % in Saudi Arabia. Recently,
an increase of the inflation rate was observed accompanied with insecurities regarding the interest
rate policies. This could also influence the WACC of the different countries and thus influence the



merit order of a ranking based solely on LCOH,. With the required FCls from Figure 10 that are in
the range between 5.5 and 9 billion €, the share of costs for capital can reach values of up to 25 %
from the LCOH,. Other uncertainties in the calculation originate from simplifications, e.g.: in a
future study it could be evaluated whether the costs for water can really be neglected for locations
like Pampa Anita or Sakaka since the hydrogen mass flow corresponds to a water flow of 2'300 t/h.
Furthermore, transmission and transformation losses of electric energy are neglected and there is
no difference considered in the form of electricity (AC or DC). However, the simplifications do not
substantially influence the results of the mathematical model and how the interaction with the
electric gird reduces the LCOH,. One of the most important input variables are the weather data.
for which the year 2019 is used as the reference year. Furthermore, as stated in section 2.2 the
mathematical model has “perfect foresight” of the used weather data while an operator of a real
plant can only rely on weather forecasts and seasonable changes. Another aspect that has not been
considered regarding the usage of wind energy is the influence of turbulent weather conditions
like wind gusts. In every case wind turbine Il is more economic which might change when actual
cost data for the wind turbines is used or if other aspects limit the selection, e.qg., regarding wind
classes and allowed turbulences. These aspects could be addressed by further research.

The EU has set the goal to produce green hydrogen with costs lower than 1.80 €/kg by the year
2030 (58). The results of Figure 12 indicate that there are still aspects that need to be addressed to
reach this goal. But it seems reachable since the lowest costs amount to 2.50 €,0.0/kgy, in Pampa
Anita in the G-25 case and the S3 sensitivity. By considering additional technical progress for the
intermediate hydrogen storage, a reduction in the WACC and softening the requirement of the
constant mass flow, the goal of 1.80 €/kg can be achieved. However, the costs from Vartiainen,
0.30 - 0.84 €/kg for the year 2050, seem to be very ambitious but cannot be ruled out if the costs
for PV and the electrolyzer will develop in the presented manner of their study (12). The same
challenge applies to the target of $1/ kg, that has slightly higher costs but is supposed to be
reached by the year 2030 (59).

Technical progress can be expected for every unit of the plant layout, e.g., bifacial solar cells or the
consideration of a tracking system which could decrease the costs of solar electricity. By imple-
menting new data to the mathematical model, the tool can automatically determine the improve-
ments and estimate the adapted LCOH,.



5. Conclusion

In this study a method is described to automatically retrieve the layout of a cost optimized hydrogen
production plant for different locations around the world. The developed tool is able to determine
the cost-optimized size of RE production capacity, electrolyzer, compressor and H; storage capacity
for a constant supply of 25.74 t/h to a downstream plant (225500 t/a). The operation of such a
plant in an island mode is neither realistic nor beneficial, since the plant has to be drastically over
dimensioned in order to supply hydrogen 100 % of the time. A certain amount of grid assistance
was able to reduce the required installed capacities of the individual units and thus also reduce the
LCOH,. Technical and economic aspects of the different geographic locations have been presented
and can be adapted for cost estimations of different scenarios or for further future costs develop-
ments. To the knowledge of the authors no study has been published where the cost calculation is
described as detailed and reproducible and the influence of grid assistance on the plant layout has
been discussed.

Utilizing current knowledge about the technical progress and best practice chemical process cost
engineering methodology the lowest achievable current costs for the considered locations are
3.45 €,0,0/kgy, in Punta Arenas in the G-25 case. Future costs in the range of 2.50 — 4 €,0,0/kgu, can
be expected for all evaluated locations just by considering progress for PV panels and the alkaline
electrolyzer, as shown in Figure 12 for the sensitivity S3. Based on the results shown in this study,
a life cycle assessment of such a hydrogen production plant could evaluate the impacts of grid
participation. Some questions to be answered are: How “green” is the produced hydrogen and do
the reduced installed RE capacities outweigh the share of grey energy from the grid?

Imprecisions of the presented methodology have to be reduced in future research to increase the
resilience of the study results. Lang-factors should be validated for each unit individually, especially
regarding the electrolyzer where a lot of studies often neglect installation costs. Future research
could also implement additional technologies. In this study only one-axis and non-tracking PV pan-
els have been considered and no geographically bound units like a salt-cavern were evaluated.
Furthermore, softening the strict requirement of the constant mass flow might be provided by
actual H, consumers. Apart from considering aspects that might further decrease the LCOH; it will
be relevant to understand the future hydrogen consumer’s perspective and how a customer wants
to achieve its CO, abatement goals with the least costs and the highest process and delivery safety.
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Abbreviations

AEL
BC
CAPEX
CcC

DT

FCI

FTE
GHG
LCOE
LCOH;
OPEX
O&M
PEM-EL
PtX

PV

RE

TEA
WACC

Alkaline electrolyzer

base case

Capital expenditures

current costs

downtime (refereeing to downtime case)
Fixed capital investment

Full time equivalent

Greenhouse gases

Levelized cost of electricity

Levelized cost of hydrogen

operating expenditures

Operating and maintenance costs
Proton exchange membrane — electrolyzer
Power to X

photovoltaic (referring to solar energy)
Renewable energy

techno-economic assessment

Weighted average cost of capital
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