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Abstract

Hydrogen gained a lot of attention as an energy carrier to achieving the goal of net-zero
emissions targeted by many governments and businesses around the world. Yet, the high
production cost of zero-emission ‘renewable’ hydrogen, produced from electrolysis powered by
renewable electricity, is hindering its adoption. In this paper, we examine the dynamics of the
transition to renewable hydrogen and the role of uncertainties in projections of techno-economic
factors on the transition. We propose an integrated framework, linking techno-economic and
Monte-Carlo-based uncertainty analysis with quantitative hydrogen supply-demand modelling,
to examine hydrogen production by different technologies, and the GHG emissions from
feedstock supply and the production process. We find that without taking into account the cost of
carbon emissions, hydrogen production will likely be dominated by fossil fuels for the next few
decades, while implementing a price on carbon emissions can significantly expedite the

transition to renewable hydrogen and cut the cumulative emissions significantly.

Introduction

Interest in hydrogen is growing both internationally and domestically as industry and
governments around the world investigate decarbonization strategies. However, progress towards
decarbonization targets will depend on how the hydrogen is produced. While there are no carbon
emissions at point of hydrogen use, the production and transportation of hydrogen can contribute
to significant carbon emissions depending on the technologies used [1].

The high production cost of ‘zero-emission’ or ‘renewable’ hydrogen — in the range of 3.2-7.7
USD$/kg H2 [2] — is hindering its adoption. However, continued declines in the cost of
renewable electricity and the significant improvement in the capital cost of electrolysers (60%

since 2010 [3]) are now paving the way for lowering the cost of renewable hydrogen [4].
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In addition, during the past two years interest in hydrogen has been rising around the world.
Many countries (including Australia, South Korea, Japan, along with the European Union) have
announced, drafted or published national hydrogen strategies that incorporated support measures
for clean hydrogen[5]. Many of these strategies have included both renewable and fossil-fuel
based hydrogen with CCS in their definition of clean hydrogen, and some have explicitly stated
that fossil-fuel based hydrogen will be acceptable during the transition phase as the hydrogen

market expands [6].

There has been a growing interest in assessing the competitiveness of renewable hydrogen over
the coming decades to replace carbon-intensive fossil fuels in a range of applications. Several
recent studies provide a techno-economic analysis of renewable hydrogen production [4], [7]-
[11]. However, few studies captured the impacts of uncertainties in techno-economic factors. To
have a better understanding of the dynamics of the transition pathways, system dynamics and
agent-based simulation models have been developed to examine interactions between agents
(governments, consumers, car manufacturers). These models are valuable in showing how simple
relationships can result in complex dynamics, as demonstrated by previous attempts to foster
alternative fuel transitions; and they can provide insights into the conditions under which
heterogeneous actors might foster a transition through consumption, investment, policy, and
cooperation decisions. Examples in the field of hydrogen transitions include [12]-[14]. However,
they overlooked the impact of uncertainties on transition to hydrogen economy.

In this paper, we examine the role of uncertainties in projections for techno-economic factors on
the transition from fossil based to renewable hydrogen, focusing on low-temperature
electrolysers. We propose an integrated framework, linking techno-economic and Monte-Carlo
based uncertainty analysis with quantitative hydrogen supply-demand modelling to examine
hydrogen production by different technologies and the associated greenhouse gas (GHG)

emissions from feedstock supply and the production process.

This work provides an understanding of the role of uncertainty in key techno-economic factors
(the system cost of electrolysers, the price of feedstocks, the efficiency and lifetime of
electrolyser stacks and the discount rate) on the transition to renewable hydrogen. Section 2

describes methods, assumptions for the reference case, and uncertainty ranges for key factors.



Results are presented and discussed in section 3. The concluding remarks are presented in

Section 4.

2. Methods & assumptions

An integrated framework linking techno-economic and Monte-Carlo based uncertainty analysis
with quantitative hydrogen supply-demand modelling is used to assess the impact of uncertainty
in key inputs on the development of hydrogen production in Australia. Three production
pathways are considered: steam methane reforming (SMR) of natural gas, and electrolysis of

water using alkaline (AEL) or PEM electrolysers.

2.1. Methods
A simple supply-demand dynamic simulation model was developed to study the evolution of

hydrogen production capacity by technology required to satisfy the given demand (Supply-demand
balancing loop illustrated in Figure 1). The development of hydrogen production capacity depends
on the expected profitability of new capacity which relies on the levelized cost of hydrogen

(LCORH) for different production technologies.
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Figure 1: Dynamic simulation model of hydrogen production
There are two types of delay that can affect the transition. The first one is the delay associated

with the processing of permit applications for the investment in hydrogen production facilities,

while the second one is related to the construction time. The delay in the application permit was



assumed to be 1 year, while the construction time of 3 years for SMR plant and half a year for
electrolysis were obtained from IEAGHG, [16]. The expected profitability of new capacity was
determined by the LCOH, which is estimated from the present value of all expenses during the
plant's lifetime and the present value of hydrogen generation, as:
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where C; represents the capital investment in year t, O the annual fixed operation expenditure
(OPEX), Ft the annual feedstock cost (Natural gas or electricity), Ht the annual hydrogen
production (kg Hy), r the real discount rate, and N the plant lifetime.

The LCOH for renewable hydrogen is dependent on several factors that are inherently uncertain.
The capital investment represents total system cost which is dominated by the CAPEX of
electrolyser and balance of plant. The electrolyser stack lifetime determines how often the
electrolyser electrodes need to be replaced, which represents a significant capital replacement
cost. In this study, we choose solar PV as the most promising source of electricity for renewable

hydrogen production for both the reference case and the uncertainty analysis.

The factors that affect the LCOH for SMR based hydrogen production are the capital cost and
the gas price. The capital investment costs for SMR are well understood and is assumed not to
change in real terms as this is a mature technology [19], whereas the price of gas is variable and
considered as an uncertainty in our analysis. The assumption for the discount rate is particularly
important for renewable technologies because they tend to have high CAPEX and low OPEX
[20]. We used a representative real discount rate of 5.9% based on [21]. From Bruce et al., [22],

the plant lifetime of 40 years is considered for all technologies.

From the discussion above, seven key factors have been identified that significantly impact the
cost of LCOH, and that are inherently uncertain over the time horizon of the study. These are the
capital cost of the renewable energy plant, the capacity factor of the RE which determines how
often the electrolyser will run, the system cost of electrolyser, efficiency and stack lifetime of

electrolyser, the gas price, and the discount rate.

We begin by defining a reference case based on recent reports from the IEA [19], [2], and the

report prepared by the Australia’s Commonwealth Scientific and Industrial Research
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Organization (CSIRO) [22]. Finally, the ranges of uncertainty for the seven key factors have

been defined in section 2.3., are used for the uncertainty analysis.

2.2 Techno-economic factors

Table 1 presents the techno-economic assumptions for four hydrogen production technologies
used to calculate the LCOH in the reference case, throughout the time horizon of the analysis
(2020-2050). The projection of energy supply is bound to be speculative to some degree, as it is
impossible to know with certainty how technology will evolve. However, for SMR, the capital
cost is not expected to change considerably [19]. Parameters are taken from projections are
obtained from [19], [2], [22], as indicated in the table. The exchange rate of 1 USD = 1.45 AUD

was applied according to the Australian Tax office [23].

Table 1: Techno-economic assumptions for hydrogen production technologies from [19], [2],

[22]

Unit | 2020 | 2030 2050
SMR (Natural gas based)
CAEPEX! AUD$/KW H; 1320 1320 1320
Annual OPEX? % of CAPEX 4.7% 4.7% 4.7%
Specific Consumption? kg NG/Kg H> 3.16 3.16
Gas Price® AUD$/GJ 8 8
Max Capacity factor! % 95% 95%
Lifetime® years 40 40
Nominal Capacity® ton Hz/day 210 210
Alkaline electrolyser (AEL)
CAPEX? AUD$/kW 1620 910 580
Annual OPEX? % of CAPEX 2.2% 1.5%
Electrical efficiency? % LHV 66% 67% 75%
Stack lifetime? hours 75000 95000 125000
Capacity of Reference size plant® MW 10 10
PEM electolyser
CAPEX? AUD$/kW 1800 1470 750
Annual Opex! % of CAPEX 2.2% 1.5%
Electrical efficiency? % LHV 58% 65% 70%
Stack lifetime? hours 60000 75000 125000
Capacity of Reference size plant® MW 10 10 10

TIEA, [2]
2 |EA, [19]
3 Bruce, et al., [22]




2.3. Uncertainty range of projections for key inputs

Figure 2 shows the range and reference values for five of the seven factors that have been identified
as key to affect the transition to renewable hydrogen production: (a) the capital cost of AEL and
(b) PEM electrolysers, (c) the capital cost of Solar PV, (d) the price of natural gas, (e) the electrical
efficiency (% LHV) for AEL, (f) the electrical efficiency (% LHV) for PEM, (g) the stack lifetime
of the AEL and (h) PEM electrolysers. In order to explore the effect of uncertainties on the
transition, the ranges of projections for key inputs are defined, based on several sources, including
[19], [2], [22], [18], [25]-][29]. The representative real discount rate of 7% was selected based on
Bruce, et al., 2018, while the range of 5%-7% was selected based on [22], [21], [30].

Since there is no consensus on the most probable projections of techno-economic factors, a
uniform distribution function was applied for key inputs at specific years (2020, 2030, and 2050).
Linear interpolation was used to generate simulation input values between the specified years in
each run. Multivariate sensitivity simulations were performed using the Vensim Monte Carlo
function, while parameter values were sampled from within the bounds of the random uniform

distributions.

As explained earlier, the uncertainty in regulations and policies is a critical factor affecting the
transition to renewable hydrogen. Different policies can imply a cost on carbon, which remains
controversial and surrounded by considerable uncertainty, and to date have not been enacted on a
national scale. The IEA have defined an implicit carbon price in their 450ppm Scenario
(consistent with achieving 2 C climate change goal) ranging between US$43-US$63/tCO2 in
2025 and US$125-US$140/tCO2 in 2040 [31]. In this study, the impact of implementing a
carbon price consistent with the IEA 450 ppm scenario is investigated, assuming a carbon price
at the higher end of the IEA estimate and remaining constant during the period 2040-2050.
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Figure 2: Range of projections for five factors; (a) the capital cost of AEL and (b) PEM

electrolysers, (c) the capital cost of Solar PV, (d) the price of natural gas, (e) the electrical
efficiency for AEL, and (f) for PEM, (g) the stack lifetime of AEL and (h) PEM electrolysers



3. Results

Figures 3 show the development of the LCOH for four hydrogen production technologies
without the carbon price for using SMR and AEL electrolyser process from 2020 to 2050, with
confidence bounds showing its spread of values at each period. The black line shows the median
values of the LCOH, and the green region represents the central 50% of scenarios (i.e., ranges
25-50% and 50-75%).

The LCOH for SMR production show a relatively small variation, which is expected since this is
a mature technology. In 50% of scenarios, it falls between 1.51 - 2.25 AUD/kg H> in 2030 and
between 1.57 - 2.44 AUD/kg H2 in 2050, mainly driven by gas price uncertainty.

It is clear that the levelized cost of renewable hydrogen production varies a great deal due to the
uncertainty in the projection of the system cost of electrolyser and the cost of power generation
with solar PV. The LCOH of renewable hydrogen produced with alkaline electrolysers falls
between 3.24 - 4.24 AUD/kg H2 in 2030 and between 1.94 - 2.8 AUD/kg H> in 2050 for half the

scenarios.
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Figure 3: The confidence bounds for the LCOH for different technologies without and with
carbon pricing

After estimating the LCOH for different technologies using the Monte-Carlo approach, the
LCOH is used as an input in the dynamic simulation model to explore the impact of uncertainties
in LCOH on the transition from fossil-fuel based to renewable hydrogen.

Figure 4 shows the number of simulations for which a transition to renewable hydrogen either
does (green) or does not (grey) occur for a given year. These results clearly illustrate the
importance of taking uncertainties into account when modeling the transition to renewable

hydrogen. For the most optimistic combination of techno-economic factors chosen, the transition

8



can occur as early as 2030. However, this is very unlikely, as only 0.068% of simulations predict
this result. Indeed, Figure 4 shows that in only 35% of scenarios, a transition can occur before
2050 without a carbon price. Conversely, application of a carbon price rises the percentage of
scenarios with transition to renewable hydrogen markedly to 35% in 2030 and over 98% in 2050.
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Figure 4: Accumulated number of scenarios without/with transition to renewable H>

Figure 5 compares cumulative emissions without and with carbon pricing from 2020 to 2050,
with confidence bounds showing the spread over time. Without a carbon price, cumulative
emissions from the expansion of the hydrogen demand will exceed 650 Mt COze in 2050 in 75%
of scenarios, and in only 5% will they be less than 505 Mt CO2e (left figures). To put this in
perspective, Australia’s annual emissions for the year 2018 were reported to be 537.4 Mt CO»-e
[32]. On the other hand, with a robust carbon price, cumulative emissions are reduced to 110 Mt
CO2-¢e for the median scenario, and there is only a 5% chance that cumulative emissions exceed
365 Mt CO2e in 2050, if the transition to renewable hydrogen is delayed.
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Figure 5: The confidence bounds for cumulative emissions from hydrogen production and
feedstock supply without and with carbon price



Conclusions

Hydrogen is expected to play a key role in achieving decarbonization targets globally. However,
even though there are no carbon emissions at point of hydrogen use, the production can
contribute to significant carbon emissions. In this study, an integrated framework has been
developed, linking techno-economic and Monte-Carlo based uncertainty analysis with
quantitative hydrogen supply-demand modelling to examine the impact of uncertainties in
projections of key parameters in hydrogen transition in Australia, and assess the associated GHG

emissions from feedstock supply and the production process.

Uncertainty analysis also reveal that the hydrogen production in Australia is likely to be
dominated by fossil fuel based SMR production in the absence of a carbon price. As a result, the
cumulative emissions from hydrogen production can reach 650 MT COz-e by 2050, which is
very significant considering Australia’s annual emissions of 537 Mt CO2-e in 2018. However,
the application of a price on carbon emissions can expedite the transition to renewable hydrogen,

and reduce cumulative emissions to 110 MT CO»-e by 2050.
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