i

pubs.acs.org/est

Policy Analysis

When Bigger Is Not Greener: Ensuring the Sustainability of Power-
to-Gas Hydrogen on a National Scale

Boris Brigljevic, Manhee Byun, Hyunjun Lee, Ayeon Kim, Boreum Lee, Changhwan Moon,
Jae Hyung Choi, Hyung Chul Yoon, Chang Won Yoon, Yong Sik Ok,* Dong-Ha Lim,*
Chang-Hee Kim,* Sangbong Moon,* and Hankwon Lim*

I: I Read Online

Article Recommendations

Cite This: Environ. Sci. Technol. 2022, 56, 12828-12837

ACCESS |

ABSTRACT: As the prices of photovoltaics and wind turbines
continue to decrease, more renewable electricity-generating
capacity is installed globally. While this is considered an integral
part of a sustainable energy future by many nations, it also poses a
significant strain on current electricity grids due to the inherent
output variability of renewable electricity. This work addresses the
challenge of renewable electricity surplus (RES) utilization with
target-scaling of centralized power-to-gas (PtG) hydrogen
production. Using the Republic of Korea as a case study, due to
its ambitious plan of 2030 green hydrogen production capacity of =

0.97 million tons year™, we combine predictions of future, season- =
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electrolysis combined with a desalination plant in six distinct scale cases (0.5—8.5 GW). It is demonstrated that at scales of 0.5 to
1.75 GW the RES is optimally utilized, and PtG hydrogen can therefore outperform conventional hydrogen production both
environmentally (650—2210 Mton CO, not emitted per year) and economically (16—30% levelized cost reduction). Beyond these
scales, the PtG benefits sharply drop, and thus it is answered how much of the planned green hydrogen target can realistically be

Detailed process design and simulation
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“green” if produced domestically on an industrial scale.
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1. INTRODUCTION

Global awareness of climate change as a result of fossil-based
energy consumption is constantly increasing."”” Hence nation-
wide strategies are implemented for a meanmgful increase in
renewable energy generation capacity,” ® particularly focusing
on wind turbine and photovoltaic capacity as they are the most
established technologies from an end-consumer basis.” Even
though the goals of these strategies (increased energy security
and environmental sustainability) are of the utmost importance
for any nation, they also produce significant strains on
electricity grid management. This is primarily due to the
daily and seasonal fluctuation of renewable electricity
availability (i.e., night—day cycle, wind intermittency, cloud
coverage, etc.). Vast amounts of renewable electricity surplus
(RES) can be generated at times when renewable electricity
supply is abundant, but the demand for electricity is low, which
can lead to inefficient usage of grid infrastructure or waste
energy. This, in turn, necessitates RES storage and utilization
strategies as they reduce the pressure on the electrical grid and
store the energy which would otherwise have been wasted.*”"*
Among numerous energy storage concepts utilized such as
batteries, compressed air, recirculating hydro, and super-
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conducting magnetic,">'® hydrogen (H,) takes the spotlight
due to its high energy density (120 MJ/kg), coupled with a
potential for low to zero carbon emission in power-to-gas
(PtG) systems assuming renewable electricity availability.'”
Besides energy storage, hydrogen is widely utilized as a raw
material by major industries such as chemical, petrochemical,
and metallurgical, whereas future utilization will also include
transportation and stationary power generation enabled by fuel
cell technology. Consequently, a plethora of research on
renewable electricity-powered PtG systems has been con-
ducted.

Detz et al. (2018)"° performed a techno-economical
assessment (TEA) of various fuels using renewable electricity
where representative water electrolysis systems were inves-
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Figure 1. (A) Daily RES estimates on an averaged seasonal day. (B) Number of days of the seasons in 2030. (C) Electrical energy generation

breakdown and total capacity values for the Republic of Korea in 2017 and predicted values for 2030.

RES annual availability and seasonal distribution.

3% (D) Conservative, median, and optimistic

tigated as an H, source. Solid oxide electrolysis was confirmed
to be economically competitive at a levelized cost of H, of 1.4
$ kg™! assuming technical improvements through learning rate
by 2027. Glenk and Reichelstein (2019)'" conducted a
comprehensive profitability analysis for H, production from
wind energy, reporting H, production costs of 3.41 $/kg H,
and 3.53 $/kg H, for Germany and the USA, respectively.
Koumi Ngoh and Njomo (2012)*° compared three types of H,
production using solar power with techno-economical aspect.
The hydrogen production cost of 3.49 $/kg H, in a larger
production scale than 4000 tons year™" compared to thermal
power-plant-based electricity was reported. Parra et al.
(2017)*" reported 85.6 $ MWh™' as the most competitive
hydrogen production cost at 1 GW electrolyzer capacity and
assumin§ heat and oxygen sold as byproducts. Decker et al.
(2019)** conducted location analysis for an off-grid power-to-
fuel system assuming 8000 h operation and reported optimal
costs for electricity and H, of 40.08 $ MWh™' and 3.45 $/kg
H, in Germany. Abdin et al. (2019)* identified a minimum
hydrogen production cost of 20.0 $/kg H, and minimum costs
of energy of 0.61 $ kWh™! for an integrated photovoltaic, wind
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turbine, and battery tank in the USA. Nadaleti et al. (2019)**
predicted potential H, production using surplus energy in
Brazil and reported H, production rates of 6.5—20 billion m*
year ! with 1—3 h/day surplus energy available. Tlili et al.
(2019)*° suggested that interconnection between surplus
energy and current H, production from nuclear energy can
increase the availability of renewable electricity surplus by 82%
and increase H, production capacity by a factor of 20. Maggio
et al. (2019)*° summarized the framework for H, production
via electrolysis as (1) electricity generation from surplus energy
in the order of tens of TWh, (2) long-term investment (10—20
years), and (3) elimination/reduction of taxation. Brey
(2020)*” reported that only 7.27 TWh surplus renewable
electricity can be utilized to produce H, using existing natural
gas infrastructure in Spain and quantified CO, emission
reduction in 2030. Jacobson et al. (2017)** developed an
energy roadmap where all energy sectors of 139 countries are
replaced by wind, water, and sunlight (WWS) by 80% in 2030
and by 100% in 2050 total power demand (12.11 TW). It was
outlined that by implementing 100% WWS by 2050 various
financial benefits can be achieved by avoiding health costs of

https://doi.org/10.1021/acs.est.1c08525
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Figure 2. (A) Results of average seasonal day estimations of 2030 renewable electricity surpluses. Detailed explanation of the estimation is outlined
in the Supporting Information extended methods section and Figure S9. (B) ROK’s installed renewable capacities in 2030, consisting of wind parks
(blue symbols), and solar parks (orange symbols) with corresponding capacities and geo-coordinates outlined in Table S8.

air pollution ~23 T$ year™’, global-warming cost of ~28.5 T$
year™, which translated into 5800 $ year™/person. The same
group (2019)*” also focused on grid stability of 143 countries,
where >99.7% of global fossil-fuel-based CO, emissions occur,
with 80—100% energy transition of 20.26 TW in 2030—2050.
Here, reductions for end-use energy of 57%, the private energy
cost of 61%, and social cost of 91%, and the number of created
full-time jobs of 28.6 million were reported.

Table S10 summarizes CAPEX, efficiency, capacity factors,
electricity price, and cost of H, from the referenced works in
the introduction.

In this work, we combine estimations of future (2030)
nationwide renewable electricity surpluses as well as their daily
and seasonal variations with a power-to-gas (PtG) hydrogen
production on a scale that ensures competitive economics and
maximized surplus utilization. Results of this work have broad
and applicable implications as they (1) quantify the price of
produced hydrogen (levelized cost and minimum selling price)
and carbon emissions (per kg H,) in a wide production scale
range, (2) are subjected to various degrees of renewable
electricity variability, and (3) are objectively compared with
conventional hydrogen production through steam methane
reforming (SMR) including and excluding carbon capture and
sequestration (CCS).

2. METHODS

The essential methodology included in the main text consists
of the renewable energy surplus assessment for 2030 and a
detailed description of the process design. A more
comprehensive methodology section including an explanation
of the RES assessment assumptions, a description of Republic

of Korea (ROK) as a case study, electrolyzer technology
selection, economic analysis methods, and CO, emission
calculations can be found in the Supporting Information.

2.1. Renewable Electricity Surplus Assessment. The
Republic of Korea is a particularly interesting case study for
this type of analysis primarily due to objectively ambitious
goals for the installed renewable electricity (wind and solar)
capacity in 2030 (Figure 1C). The root causes of which are
predominately rising environmental as well as geopolitical
(energy security) concerns combined with a significantly
developed economy and technological know-how. The
relatively high ratio of the planned wind and solar capacity
to total generating capacity (~32%) dictates serious consid-
erations for the management of the expected renewable
electricity surpluses (RES) for both seamless operation of the
energy grid as well as for ensuring the planned goals for
hydrogen (green and conventional) in the upcoming decades.
The numerical values of surface areas (in GWh) from Figure
S9C,ELL are outlined in Figure 1A, while the duration of each
season in 2030 is presented in Figure 1B. Figure 1D contains
the product of values from Figure 1A,B, where the daily surplus
estimation of a season is multiplied by the number of days in
that season. Hence, as a result, we get conservative (41.6
TWh), median (64.2 TWh), and optimistic (87.1 TWh)
annual renewable electricity surplus estimates as well as their
seasonal variations. The assessment of the expected annual
amount of RES as well as the seasonal variability (Figure 1D)
inherent to wind turbines and solar photovoltaics was
performed utilizing the data from a comprehensive 2018
report of the Korean Energy Economics Institute.”
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Figure 3. Main process design (process flow diagram) for a representative scale of 1 ton/h of hydrogen production.
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year when H, is produced from RE surplus (left y-axis; surface plots), annual H, yield (left y-axis; yellow line and markers; % of 2030 green H,

target), and amount of RE surplus utilized (right vertical axis; bar plots).

The main data that were utilized consisted of geographical
locations and future capacities of wind and solar parks in SK
(Figure 2B and Table S8), nonrenewable electricity generation
capacity and breakdown, daily electricity demand curves
(averaged to a typical seasonal day) and combined solar and
wind electricity generation (based on localized weather
patterns) including daily and seasonal variability. The
processed data was used to produce daily assessments of
electrical availability (demand and supply breakdown) in SK
on four average seasonal days which was the basis for
determining the amounts of RES in three distinct subcases
(conservative, median, and optimistic) Figure 2A. These
average seasonal day charts were generated with certain
assumptions regarding stable grid operation in 2030 which
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consisted of (1) constant base generation capacity, (2) peaking
generation capacity gradient is optimized to correspond to
variable renewable electricity output, and (3) grid operators
consider a conservative estimate of renewable electricity output
on a given average seasonal day as a safety margin. The RES
hourly profiles presented as absolute values are outlined in
supplementary Figures S1—S3.

On an annual basis, it was determined that the total amount
of RES in 2030 could range from 41.6 to 87.14 TWh with a
median value of 64.2 TWh (Figure 3B), which is a direct
cumulative effect of the daily RES availability ranges (Figure
4A). Furthermore, each annual value of the RES can be seen as
a sum of different RES seasonal availabilities, and in this
particular case of SK, the highest amounts of RES are

https://doi.org/10.1021/acs.est.1c08525
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generated during autumn and spring (50—35 and 30—31% of
the total annual RES, respectively). This, in turn, required
careful consideration of a feasible (technologically reliable)
PtG technology type (Supplementary Information; Extended
methods; section 2) and perhaps, more importantly, the scale
of the process.

2.2. PEM-WE Hydrogen Production and Processing
Design. The conceptual process design strived to realistically
encompass all the necessary operations for a stable output of
pure and consumer-ready (pressurized) hydrogen. The scope
of the process (Figure 3) encompasses the primary energy
input (renewable electricity surplus and nonrenewable
electricity), how that energy is utilized (energy breakdown),
PEM water electrolysis (steady-state model follows the
operational data provided by Elchemtech LLC), water
desalination plant output (main feedstock supply, blue line),
hydrogen (light green line) and oxygen (red line) downstream
processing (water removal, compression with intercooling) and
storage. Hydrogen dehydration (removal of trace amounts of
water) is achieved using a liquid—liquid dehydration column
with recirculating, nontoxic liquid desiccant (brown line). Both
compressor stations are cooled with a heat exchange liquid
(purple line) which transfers the heat to the H,O stripper
reboiler and the organic Rankine cycle which utilizes isobutane
(dark green line) as the working fluid.

The process starts with pure demineralized water as the
main feedstock (product of the desalination plant) which is
pumped to a working pressure of the PEM electrolyzer. Even
though this system can operate at considerably higher
pressures (up to 350 bar) 10 bar was chosen due to case-
specific governmental safety restrictions. Other operating
parameters such as cell current density, water conversion,
and temperature were obtained from an industrial collaborator
(Elchemtech Ltd.) which manufactures and operates large-
scale PEM electrolyzer systems. In terms of energy balance,
95% of the electrical energy requirement is reserved for the
electrolysis stack while the majority of the remaining 5% is
utilized for gas compression.

H, and O, exit the electrolysis stack in a vapor—liquid
stream with the unconverted water at 50—60 °C. They are
both cooled to room temperature, and the bulk of the water is
recirculated to the electrolyzer. O, is compressed in a cooled
axial compressor to a storage pressure of 180—200 bar, where
the remaining water is removed as a knockout liquid from the
compressor, and at this point, O, is considered a valuable
product. Hydrogen on the other hand required a bit more
challenging water removal and compression operations. As it
exits the electrolysis stack, the water is first separated at the exit
temperature, followed by a separation after cooling at room
temperature. These two separations result in a hydrogen
stream of ~97.2 wt % purity. As this is an unacceptable level of
purity for the final product the extra water content is removed
by contacting it with a liquid (nontoxic) desiccant in an
absorber tower. The column’s top stream is filtered for the
trace amounts of the desiccant and the resulting vapor is pure
dry hydrogen. Liquid desiccant water removal was chosen
instead of the somewhat more popular in-line solid bed
adsorption (Si-based) because it allows fully continuous
operation with optimized recycling (H,O stripper) which
becomes economically advantageous at large production scales
which is considered in this study. Dry hydrogen is then
compressed to three different pressure grades using a 6-stage
reciprocal compressor train with intercooling. Parts of the

hydrogen are taken out after the third, fifth, and final
compression stage at pressures of 97, 445, and 950 bar,
respectively. This, in turn, allows for intermediate storage
which provides a steady supply for different grades of
utilization consisting of pipeline transport (~SO bar),
pressurized tank transport (~250 bar), and fuel cell vehicle
charging (700 bar).

Consistent compressor cooling duty (both for O, and H,
compression) is achieved with a heat transfer fluid (Dowtherm
Q’"), which is then used to provide a heating duty for the H,O
stripper column reboiler. As it exits the reboiler, the heat
transfer liquid is cooled back to 40 °C by giving off heat in the
boiler of the organic Rankine cycle (ORC). The working fluid
in the ORC is isobutane at 18 bar and 95 °C before
expansion.”> The ORC was introduced as the last heat sink for
the heat transfer fluid as well as another safety feature of the
entire hydrogen production system since in the unlikely case of
grid power failure the ORC would utilize the work from
turbine inertia to purge the hydrogen from the system, and
transfer water and glycol desiccant to storage tanks.

3. RESULTS AND DISCUSSION

3.1. Target-Scaling of PtG for Renewable Electricity
Surplus Storage. The scope of the analysis was defined by
combining the estimated data of annual RES availability with
various scale cases (S5 + 1) of the proposed hydrogen
production process design ranging from 500 MW to 8500
MW. Figure 4A shows PEM electrolysis scale cases of 500,
1000, 1750, 4243, and 8485 MW (cases 1—S5, respectively).
This corresponds to annual hydrogen production of 0.057,
0.114, 0.200, 0.485, and 0.970 Mton. Each of the cases from 1
to 5 had an assumed constant annual operation of 8250 h,
whereas case 6 was introduced to illustrate the effects of a
large-scale operation in RES peak times only (outlined in the
last paragraph of the section). In the operational year, the
renewable electricity surplus availability will be varying as it
was shown in Figure 1D. Scales of cases 1—3 (500, 1000, and
1750 MW) were targeted (or maximized) so that the process
operates from a renewable electricity surplus of 100% of the
operational time in conservative, median, and optimistic
estimates. In other words, they operate 100% of the
operational time from renewable electricity surplus (RES),
which ensures that all of the produced H, is without indirect
carbon emissions. Therefore, in a conservative estimate, a PEM
electrolysis system of 500 MW capacity can operate for 8250 h,
100% from renewable electricity surplus. Likewise, the 1000
and 1750 MW systems can also operate 100% of the time from
renewable electricity surplus in a median and optimistic
estimate, respectively.

In terms of annual hydrogen output, these scales correspond
to 0.057, 0.114, and 0.2 Mton. Given that the green H, target
for the ROK in 2030 is 0.97 Mton, cases 1—3 (500, 1000, and
1750 MW), correspond to 6, 12, and 21% of the green H,
target.

Cases 4 and S were scaled for 50 and 100% of the ROK
green hydrogen target for 2030 (0.97 Mton). In those cases
(due to their scales), they did not operate 100% of the time
from renewable electricity surplus. Case 4 operated from a
renewable electricity surplus of 31.5, 62.4, and 87.8% of the
time in conservative, median, and optimistic estimates,
respectively. Likewise, case S operated from a renewable
electricity surplus of 15.2, 25.9, and 43.5% of the time in
conservative, median and optimistic estimates, respectively.
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The implications of these production scales in relation to
annual RES availability are made clear in Figure 4B where it
was quantified how much of the RES can be utilized, while
simultaneously showing the amount of the operational year
where the process actually operates from RES and when it
operates from other electricity sources. On the right y-axis of
Figure 4B, it can be seen how much of the total surplus
electricity available annually is converted to H, at each PEM
electrolysis scale. Hence, cases 1—S can convert S—12% (blue
bars), 6—34% (green bars), and 10—74% (red bars) in
conservative, median, and optimistic estimates of RES annual
availability. Yellow lines and markings signify the annual
hydrogen output as a percentage of 2030 ROK’s green
hydrogen target, hence with increasing PEM electrolysis scale

12833

from case 1 to case S these values increase from 6 to 100%.
However, as can be seen on the left y-axis of Figure 4B, as the
scale increases from case 1 to case 5, the amount of operating
time when hydrogen is produced from RES decreases. This
implies that (assuming constant operation throughout the
year) hydrogen can be produced without indirect CO,
emissions at 500 MW PEM capacity (case 1) considering
conservative RES availability estimation and at 1750 MW PEM
capacity (case 3) considering optimistic RES availability
estimation. At higher scales in cases 4 and S, if median RES
availability estimation is considered, they operate from RES 62
and 32% of the operational year. This, of course, implies that
for the rest of the operational year those cases do not produce
emission-free (green) hydrogen.
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Figure 6. Median (green line), conservative (blue surface), and optimistic (red surface) levelized cost of hydrogen (LCOH). Thick and thin lines
are the median and mix/max LCOH from steam methane reforming (SMR; yellow) and steam methane reforming with carbon capture and
sequestration (SMR + CCS; orange). (A) Minimum hydrogen selling price (MHSP) ranges (bar and whiskers plots). SMR MHSP (yellow); SMR
+ CCS MHSP (orange). (B) Median (green), optimistic (red surface), and conservative (blue surface) CO, emissions. Yellow and orange lines;
SMR, SMR + CCS CO, emissions. (C,D) Median annual CO, emission reduction compared to equal H, production scale from SMR (yellow) and

SMR+CCS (orange).

The analysis is also widened by an additional case (6) where
the production scale is relatively large (8000 MW), but the
operation is seasonal to match the RES seasonal peaks in
spring and autumn (Figures S1—S3). A capacity of 8000 MW
was chosen since it was determined that maximum RES can be
utilized at the constant operation during spring and summer
(Figure S4). Considering median, optimistic, and conservative
RES availability in autumn and spring, it can be seen how in
case 6 daily operational time is tuned accordingly in Figures S5
and S6, respectively. Due to its seasonal operation case 6
produces significantly less H, annually (when compared to the
similarly sized system in case S) and can satisfy 20—38% of
2030 green hydrogen target (Figure 4B; case 6; yellow
markings). However, all of the H, produced is 100% from RES
which makes case 6 the middle ground between large annual
H, output (cases 4 and 5) and environmental sustainability
(cases 1, 2, and 3).

3.2. Economic and Environmental Implications
Compared to Conventional Hydrogen Production.
From the discounted cash flow diagrams (DCFDs) in Figure
5 (detailed results available in Tables S5 and S6), the net
present value (NPV), the minimum H, selling price (MHSP),
the discounted payback period (DPBP), and the discounted

cash flow rate of return (DCFROR) were identified for each
case. For instance, 360.5 and 760 million USD of NPV can be
observed in Case 2 (Figure S8B) utilizing MHSP and
commercial H, selling price of 1.5 USD/kg for conservative
and optimistic scenarios, respectively. The positive and
negative NPVs represent profitable and unprofitable cases,
respectively. Discounted payback period (DPBP, Table SS) is
the required time to retrieve the investment for the project.
DCFROR (Table SS) is the discounted rate when the NPV
value is zero at the end of the lifespan of the project. Minimum
H, selling price (MHSP) is the calculated H, selling price
when the NPV value is zero at the end of the lifespan of the
project, or in other words the guarantee that there is no
financial deficit. From these results, it can be clearly shown that
higher power capacity, higher operating time, and relatively
higher RSSA use, result in the CAPEX reduction due to the
economy of scale, the low H, production cost owing to the
higher H, production rates, and lower annual electricity price,
respectively, were necessary to obtain higher profit (Figure SD,
optimistic). Furthermore, it is also clear that the profitability of
the project has a direct causal relationship with the amount of
time the process operates from RES which can be seen in both
conservative and optimistic scenarios of Figure 5 where, as you
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go up in production scale (from case 1 to case S) the less likely
it is that the process will operate from RES. Furthermore, it can
be observed that in conservative estimate of RES availability
the process stops being profitable after case 2 (Figure SB) or 1
GW capacity with 86.2% of annual RES available (assuming
constant operation). Similarly, in an optimistic estimate the last
profitable case 4 (Figure SD) utilizes 87.8% of RES at 4.3 GW
capacity. This entails that scaling the process between 1 and
4.3 GW will likely result in profitable economic performance,
with maximum utilization of RES throughout the entire
operational year. In case 6, the capacity is maximized (8 GW)
for optimal utilization of RES seasonal peaks in autumn and
spring (Figures S4—S6). As it operates seasonally, the annual
output is comparable to that of case 3 (1.75 GW), but the
hydrogen produced is more sustainable due to maximum RES
utilization. Economically, this translates into a profitable
scenario but over longer project lifetime (Figure SF) if we
consider the conservative RES scenario.

The final results of this analysis pertain to cost estimations,
profitability assessment, as well as CO, emissions for each case
and comparison to conventional hydrogen production routes
from steam methane reforming (SMR) and steam methane
reforming including carbon capture and sequestration (SMR +
CCS) (Figure 6). The results of each comparison criteria are
presented as a range of values from the most optimistic (red)
to the most conservative extreme (blue) which is a direct
consequence of RES annual availability variation. Yellow and
orange horizontal lines represent the comparison values (as
well as ranges in Figure 6A,C) for SMR and SMR + CCS
respectively. As can be observed, cases 1 and 2 have the highest
degree of certainty (even considering the most conservative
case scenario) of economically outperforming conventional
SMR and SMR + CCS (Figure 6A,B), whereas cases 3, 4, and
6 more likely stand to outperform only SMR + CCS. On the
other hand, cases 1, 2, 3, and 6 all stand to outperform SMR +
CCS and SMR environmentally (Figure 6C), which clearly
indicates the nationwide potential of CO, emissions reduction.
Specifically, if the same amount of H, was switched from SMR
to PtG in scales from cases 1, 2, 3, and 6, this would result in
annual CO, emission reductions of 660, 1315, 2200, and 3005
million tons, respectively (Figure 6D).

3.3. Result Implications. By combining nationwide
planned electricity generation capacity, seasonal renewable
electricity surplus (RES) availability estimations, and variation
ranges with rigorous process design and techno-economic and
environmental assessment, this study has quantitatively
demonstrated the optimal scales of electrolytically produced
hydrogen in terms of minimized carbon emissions and
maximized production capacity. The analysis was performed
with the Republic of Korea as a case study for 2030 using a
centralized green hydrogen production process from PEM
electrolysis combined with an existing desalination plant. With
an annual estimated RES range of 41.6 to 87.14 TWh, we have
determined that a hydrogen production of 57—200000 tons/
year is achievable utilizing RES. More specifically, the PEM
electrolyzer of capacities ranging from 0.5 to 1.75 GW
operating 8250 h/year can do so exclusively from RES.
Furthermore, when operating in this scale range it was proven
that the produced hydrogen will almost certainly outperform
conventional steam methane reforming (SMR) routes both
environmentally as well as economically. Interestingly,
increasing the production scales to 50% and 100% (0.97
Mton/year) of the 2030 national target green H, capacity will

not result in a better performance compared to SMR routes,
due to less frequent utilization of the annual RES. In other
words, even though PEM electrolysis powered by RES is a
pathway for green hydrogen, there exists a maximum
production scale where sustainability (or carbon emission-
free production) can be guaranteed and above which the
produced hydrogen cannot be considered entirely green.
Large-scale, RES peak-targeted operation (case 6) might be the
middle ground solution between these two extremes as it
maximizes RES utilization and therefore ensures that the
hydrogen produced is green, but it does so with the seasonal
operation, making the produced hydrogen more expensive. As
a final note, this case study unequivocally demonstrates that
with strategic planning, PtG hydrogen on a national scale can
indeed be environmentally and economically more feasible
than conventional SMR routes provided that an optimal
combination of the economy of scale regarding variable RES
output is achieved. In that scenario, it can be utilized as both
RES storage, and energy grid stabilization resource, thus
providing a strong techno-economical argument for a realistic,
hydrogen-powered future.
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