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A B S T R A C T   

Over the last five decades, there have been several phases of interest in the so-called hydrogen economy, 
stemming from the need for either energy security enhancement or climate change mitigation. None of these 
phases has been successful in terms of a major market development, mainly due to the lack of cost competi-
tiveness and partially due to technology readiness challenges. Nevertheless, a new phase has begun very recently, 
which despite holding original objectives has the new motivation to be fully green, i.e. based on renewable 
energy. This new movement has already initiated bipartisan cooperation of some energy importing countries and 
those with abundant renewable energy resources and supporting infrastructure. One key challenge in this context 
is the diversity of pathways for the (national and international) export of non-electricity renewable energy. This 
poses another challenge, that is the need for an agnostic tool for comparing various supply chain pathways fairly 
while considering various techno-economic factors such as renewable energy sources, hydrogen production and 
conversion technologies, transport, and destination markets, along with all associated uncertainties. 

This paper addresses the above challenge by introducing a probabilistic decision analysis cycle methodology 
for evaluating various renewable energy supply chain pathways based on the hydrogen vector. The decision 
support tool is generic and can accommodate any kind of renewable chemical and fuel supply chain option. As a 
case study, we have investigated eight supply chain options composed of two electrolysers (alkaline and 
membrane) and four carrier options (compressed hydrogen, liquefied hydrogen, methanol, and ammonia) for 
export from Australian ports to three destinations in Singapore, Japan, and Germany. The results clearly show 
the complexity of decision making induced by multiple factors, and that the preferred supply chain combination 
(electrolyser technology, green energy carrier) in terms of least cost strongly depends on whether the expected 
levelized cost of hydrogen (ELCOH) or the expected levelized cost of energy (ELCOE) is used as a decision cri-
terion. For instance, with ELCOH for the case study, under the given input parameters, the Ammonia combi-
nation with alkaline electrolysers (AE-NH3) becomes the least-cost supply chain option for Singapore, Japan, and 
Germany with values of 8.60, 8.78 and 9.63 $/kgH2, respectively. This leaves liquid hydrogen (with alkaline 
electrolysers) as the second-best supply chain route, with ELCOH values of 9.05, 9.39 and 10.70 $/kgH2, 
respectively. However, with ELCOE, methanol (with alkaline electrolysers) becomes the preferred supply chain 
path for all destinations, and liquid hydrogen (with alkaline electrolysers) keeps its place as the second-best 
alternative.  
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1. Introduction 

Needless to highlight the several benefits of renewable energies, 
particularly their widespread distribution and the least environmental 
impact. Nevertheless, until recently, except for biomass and hydro, the 
other types of renewable energies – particularly wind and solar photo-
voltaics (PV) – were not competitive with fossil fuels [1]. The price 
revolution of wind and PV over the recent decade has shaken the 
traditional view of renewables as a “future energy” source. Today, in 
several jurisdictions, renewables have reached market parity with fossil 
fuels [2] and have altered the approach of policy-makers and investors 
toward renewables from a means for demand security to a commodity 
for export [3,4]. We are presently just at the emergence of the new 
research field and the new industry of “global renewable energy supply 
chain” [5]. 

The factors mentioned above highlight the need for alternative 

options for diversification of renewable energy exports and risk mini-
misation considering techno-economic and political uncertainties [6]. 
The enquiry of an alternative pathway for renewable energy exports 
leads to the option of using renewable electricity to electrolyse water 
into hydrogen and oxygen [7]. This is the least sophisticated approach, 
as the production system is mainly composed of water and electrolyser. 
Historically, water electrolysis has not been a favourite approach due to 
high energy demand (approximately 1.5 units of electrical energy per 
unit of generated hydrogen energy). But, with access to cheap renewable 
electricity, this path can be a potential option. Once hydrogen is 
generated, the remaining steps of the renewable energy supply chain 
become almost identical to that of natural gas, as both hydrogen and 
natural gas are gases at standard pressure and temperature. Both gases 
suffer from low energy density and specific energy and similarly various 
pathways have been introduced for changing the form of these gases 
(physically or chemically) for long-distance exports [8]. Compression 

Nomenclature 

C scenario for CAPEX (1 ≤ c ≤ C) 
CFi annual capacity factor of plant i 
CRjr ship charter rate (cost per day) 
CRrn charter rate for scenario r (1 ≤ r ≤ R) in year n 
CXic CAPEX of production technology i and scenario c 
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product per time interval Δt 
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MeOH: j = 4) 
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LCOC levelised cost of conversion 
LCOP levelised cost of production 
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ns stack life 
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Greek letters 
∝j rate of carrier loss during transport due to various reasons 

including boil-off 
γj complexity factor for each carrier tanker 
εjf compressor efficiency 
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List of abbreviations 
AE alkaline electrolysers 
ASG Asia super grid 
CAPEX capital expenditure 
CCS carbon capture and storage 
CH2 compressed hydrogen 
DA decision analysis 
DAC decision analysis cycle 
DES Delivered Ex Ship 
DME di-methyl-ether 
EV electric vehicles 
GHG greenhouse gas 
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LOHC liquid organic hydrogen carriers 
NM nautical miles 
NPV net present value 
OPEX operation expenditure 
PEM polymer electrolyte membrane electrolyser 
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ULCC ultra large crude carriers 
VLCC very large crude carriers 
WGS water–gas shift  
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and/or liquefaction are two immediate physical options, followed by 
chemical conversion. Then a legitimate question arises on how to 
identify the best production pathway for hydrogen exports across 
different regions [9]. This paper addresses this problem by introducing a 
decision analysis cycle for evaluating various pathways for renewable 
energy supply chains based on the hydrogen vector. 

1.1. Hydrogen supply chain 

Hydrogen is the main component of the universe and the source of 
solar energy [10]. However, it is not accessible as an element in the 
biosphere and hence it took a longer time to be hypothesised (Robert 
Boyle, 1671) [11], identified (Henry Cavendish, 1766) [12], and named 
as hydrogen (Antoine Lavoisier, 1783) [13]. Access to hydrogen requires 
a chemical reaction (e.g., water or hydrocarbons), and the leading 
commercial approaches are through gasification and reforming of fossil 
fuels to generate synthesis gas (syngas), i.e., a mixture of H2 and CO, 
followed by a downstream water–gas shift (WGS) reactor (CO + H2 O ⇌ 
CO2 + H2) and finally a CO2 removal unit. Fig. 1 (a) represents the main 
current hydrogen production pathways. Although gasification of 
biomass, coal, and oil are possible pathways of syngas generation, when 
available, steam reforming of natural gas has been the favoured indus-
trial route due to the highest H2/CO ratio of its syngas. 

Due to this difficulty of obtaining elemental hydrogen, until the 
recent decades, it had not been seriously discussed as an “energy 
source”, though its energy content per unit of weight is the highest 
among the common fuels (e.g., about 3x of that for gasoline [14]). 
Rather, it has been historically used as a “process gas” in manufacturing, 
particularly in oil refineries for crude oil upgrading (e.g., hydrotreating 
and hydrocracking [15,16]), and later in ammonia production [17,18] 
(see Fig. 1 b). 

There have been, however, a few phases of interest in hydrogen as an 
energy source which is often referred to as the “hydrogen economy”. 
One was during the world oil crisis of the 1970s when interests spiked in 
hydrogen as an alternative energy source, especially for the transport 
industry [20]. The idea was that, for instance, hydrogen produced from 
coal could be used in fuel cell electric vehicles (EVs) to mitigate the 
dependence on international oil/petrol imports. Despite some techno-
logical developments, there was not a major success due to the large 
price gap with the market reality of the time. The next phase of interest 
was after the Kyoto Protocol when the projection of the carbon penalty 

remobilised the interests in the hydrogen economy. Hydrogen was 
nominated as a clean energy alternative at least for the transport sector. 
However, still, the market was not fully ready. The main reason for these 
two mentioned phases falling in the chasm is the high cost of electricity 
which has accounted for more than 2/3 of the cost of the produced 
hydrogen [21]. Furthermore, the electricity sourced from fossil fuels had 
embodied CO2 emissions with the challenge of employing carbon cap-
ture and storage (CCS) technologies and significant extra cost implica-
tions in the form of a carbon penalty/tax [22,23]. The new phase has, 
however, begun recently with the revolutions in the wind and solar 
energy prices which have overshot the equivalence price of fossil fuels in 
some countries [24]. These, along with the projection of a continuous 
price decline and the emergence of surplus renewable energies, as well 
as the concerns over climate change and energy security, are the main 
drivers for the increasing interest in the hydrogen economy, particu-
larly, the renewables-derived water splitting. 

Today, on the one hand, we have energy-importing countries such as 
Japan, Korea, and Singapore that are exploring alternative energy 
sources such as hydrogen to decarbonise their energy supply chains. On 
the other hand, some countries with high renewable energy resource 
potentials have taken steps even beyond self-security and are consid-
ering the possibility of renewable energy exports [25]. For such coun-
tries, there is an enormous potential to exploit these resources through 
various energy harvesting technologies such as wind farms, solar PV, 
and solar-thermal systems. When the market is saturated for electricity, 
the surplus can be converted to hydrogen as an intermediary or ultimate 
form of energy. The challenging question, however, is the choice of the 
techno-economically and socio-politically most feasible renewable en-
ergy carriers. 

Depending on the quantity and distance, hydrogen transmission can 
be carried out by several methods from production locations to retailers. 
Small quantities of hydrogen can be delivered as compressed hydrogen 
(CH2) via gaseous tube trailers for short distances [26]. Hydrogen 
compression to 350 bar and 700 bar improves its density to 23.32 kg/m3 

and 39.22 kg/m3 [27], respectively. At present, CH2 storage is mainly 
used in fuel cell-powered vehicles and refuelling stations. Large-scale 
hydrogen storage options for future considerations include under-
ground storage (favourably in salt formations), storage in buried steel 
pipes, and aboveground spherical or cylindrical steel tanks [28–31]. 
Liquid tankers are the preferred option for medium hydrogen amounts 
and longer distances. Typical tanker capacity varies from 400 to 4000 kg 

Fig. 1. Breakdown of global hydrogen production and use routes [19].  
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of liquefied hydrogen (LH2). Kawasaki Heavy Industry aims at building 
200-tonne liquefied hydrogen carriers [32]. Storing liquefied hydrogen 
is also a technically feasible option for small-scale applications. 

Larger amounts of hydrogen can be delivered via pipeline grids over 
long distances. Such networks are already existing, though only at a very 
small scale. For instance, in 2016, the global hydrogen transport pipe-
line network was around 4500 km (~36 % in the EU region and ~ 58 % 
in the US) [33]. Another possibility that has been receiving increasing 
attention in recent times is the scenario of injecting hydrogen into nat-
ural gas grids either to supply a new energy mix (natural gas and 
hydrogen) or to separate the hydrogen in the destination and deliver 
pure gas to the final users’ markets [33–35]. However, exporting large 
quantities of renewable energy, through the hydrogen vector, over long 
distances (especially cross-ocean) is a complex multi-criteria decision- 
making problem. For instance, CH2 might be the simplest technical so-
lution due to ease of storage and retrieval at ambient temperature. 
Nonetheless, even at 700 bar, CH2 suffers from a low volume intensity 
challenge (39.22 kg/m3 [27]) which increases the transport costs for 
long distances. In terms of volume intensity, LH2 is in a better situation 
with 70.85 kg/m3 at the atmospheric pressure. However, the exergy 
efficiency of liquefaction to − 252.87 ℃ is low and, similar to the LNG, 
the cost of cryogenic tankers is high. Furthermore, there are inevitable 
boil-off losses during LH2 storage and transport. Hydrogen storage in 
solid materials (physisorption or chemisorption) is a safe method 
[36,37] with the key challenge being the energy storage capacity per 
weight and the need for recycling of the carrier material. Alternative 
hydrogen carriers are possible by the further conversion of hydrogen to 
other products, particularly chemical species such as synthetic methane 
[38–40], ammonia [41–43], methanol [44–46], di-methyl-ether (DME) 
[47], and methylcyclohexane [3,48]. Some of these chemicals are 
directly used (e.g., ammonia, methanol, and DME), or can be reverted 
back to hydrogen at the demand market for direct use (e.g., methanol 
[49], ammonia [50], and methylcyclohexane [51]). Another classifica-
tion of these chemicals is based on carrier recycle. For instance, meth-
anol, ammonia, and DME are one-way transport chemicals. However, 
the so-called liquid organic hydrogen carriers (LOHC) involve cyclic 
processes and require the recycling of the carrier chemicals back to the 
production port. For instance, the toluene-methylcyclohexane cycle 
(CH3C6H5 + 3 H2 ↔ CH3C6H11) is based on hydrogenation of toluene to 
methylcyclohexane and dehydrogenation of MCH upon delivery. 

In this regard, a key question is which option offers the security of 
investment over the project’s lifecycle against market fluctuations, trade 
embargos, political changes and/or technological advances [52]. In 
recent years, there has been growing research interest to address this 
question. The IEA’s report on the “Future of Hydrogen” [3] has evalu-
ated the hydrogen energy chain qualitatively and quantitatively and 
analysed several potential hydrogen supply chain paths. To better un-
derstand the concept of production and transport of hydrogen as an 
energy carrier, we studied similar existing energy transport supply 
chains [53]. The Australian National Hydrogen Roadmap [54] considers 
in detail the different ways and costs associated with hydrogen exports. 
It discusses hydrogen production from renewable and non-renewable 
options. This document has been prepared in an Australian context 
and provides a cost analysis of each process separately, and not of the 
energy supply chain as a whole [55]. 

Considering the different hydrogen production technologies, Mar-
celo et al. [56] shares a comprehensive review on Polymer Electrolyte 
Membrane Electrolyser (PEM) electrolysis and describes the techno-
logical edge over alkaline electrolysers (AE). It provides higher pressure 
outputs of hydrogen, better response to variation in plant production 
output and higher stack life. As of now, it is more expensive than AE but 
if costs are brought down, PEM may be a game-changer. The Interna-
tional Renewable Energy Agency (IRENA) [4] has also conducted a 
detailed cost analysis of alternate electrolyser technologies. Matzen 
et al. [57] have compared the transport of hydrogen in the form of 
methanol and ammonia through electrolysis with electricity input from 

wind power plants. The study concluded that production from methanol 
is cheaper than ammonia, further to its ease of transport. Additionally, 
COAG [58] has prepared a qualitative analysis of the hydrogen export 
potential from Australia and has also devised a policy for future in-
vestments in this industry segment of the renewable hydrogen supply 
chain. 

The missing element in the literature is the introduction of a clear 
mathematical framework with consideration of uncertainty. In the 
context of natural gas, Khalilpour and Karimi [59] introduced a sys-
tematic method based on a decision analysis cycle to identify the most 
feasible natural gas utilisation pathways in the presence of uncertainty. 
They provided a comparison of different forms of transport of stranded 
natural gas with a decision criterion for expected net present value 
(NPV), keeping production capacities, market allocations and delivery 
vessels in context. This study builds on that methodology and aims at 
introducing a similar framework to investigate renewable energy uti-
lisation options [60]. Though the methodology is generic, for the pur-
pose of demonstration, we have identified four alternative carrier 
options for the export of renewable energy, including compressed 
hydrogen (CH2), liquefied hydrogen (LH2), ammonia (NH3) and meth-
anol (MeOH) [61]. Fig. 2 illustrates this problem with Australia as an 
exemplary exporter. 

In the remainder of this paper, we introduce a methodology for the 
selection of the best option for export supply chains, comparing their 
cost of production, transmission, storage, conversion, and transport for 
significant offshore distances [62]. 

2. Problem statement 

Consider a region with high-quality renewable energy resources and 
abundant land [63]. With the continuous growth in the renewable en-
ergy investment in the region and considering a prospect for local 
electricity market saturation, an investment company assesses other 
market opportunities for renewable energy utilisation/monetisation. As 
one option, the company, located in coastal areas, investigates the po-
tential distant markets which are only accessible by sea. Cross-ocean 
high-voltage direct current (HVDC) lines have already been assessed 
and the current key investigation is on shipping the renewable energy in 
other forms than electricity, viz. through the hydrogen vector. Based on 
the renewable energy resources, and the anticipated market conditions, 
the company assesses the development of the H2 vector supply chain 
based on the baseload input Electricity Capacity EC (e.g., in MW). There 
are three key types of electrolysers, including Alkaline Electrolyser (AE), 
Polymer Electrolyte Membrane Electrolyser (PEM), and Solid Oxide 
Electrolyser Cell (SOEC) [64]. However, the SOEC is not yet a mature 
technology [65], but there have been numerous installations and studies 
based on AE and PEM technologies in different locations and under 
various scenarios. As such, the company aims to analyse these two 
electrolyser technologies based on their techno-economic features. For 
the carrier option, the company assesses compressed hydrogen, liquefied 
hydrogen, ammonia and methanol. 

Putting into a formulation, the company has I = 2 H2 production 
options and J = 4 carrier options. The two production options include 
AE (i = 1) and PEM (i = 2), and the carrier options are CH2(j = 1), LH2 (j 
= 2), NH3 (j = 3), and MeOH (j = 4). This makes O = 2 × 4 = 8 supply 
chain options (combined production i and carrier j) for investigation. 
Fig. 3 visualises these eight supply chain routes. All value chains include 
electrolyser, H2 storage, conversion unit (compression for CH2, cryo-
genic liquefaction for LH2, and process plants for NH3 and MeOH), 
carrier storage, and transport. 

The H2 production units are assumed to be near the storage and 
conversion facilities on the port site where the unloading equipment is 
situated. This simplifies our study and ignores inland transport costs. 
Each supply chain option “o” as described above shall be compared 
based on the expected levelised cost of hydrogen (or energy) on the 
Delivered Ex Ship (DES) basis (i.e., delivery to the buyer’s port). The 
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investment planning time is N = 25 years. The cost of the energy to 
deliver shall be compared between each option based on the weighted 
amount of hydrogen (or the low heating value of the product) at the 
delivery terminal for each type of carrier fuel. For the analysis, we utilise 
the decision analysis cycle (DAC) discussed next. 

3. Introduction to decision analysis cycle 

Any decision, whether small- or large-scale, is subject to many 
endogenous or exogenous factors, where it is often impossible to 
determine the magnitude of all such factors. This makes the act of 
decision-making a complex task subject to uncertainty and risk of fail-
ure. In the quest for tackling this challenge, the term (and later the field 
of) “decision analysis (DA)” was introduced to address decisions in the 
face of uncertainty by providing a logical decision-making procedure 
[66]. DA cycle (DAC) is a form of DA which uses decision theory and 
systems analysis and integrates the risk preference of the decision-maker 
by using utility theory and subjective probability. This helps the 
decision-maker to identify a good decision and achieve clarity of action 
[67]. As shown in Fig. 4, The DAC framework initiates with the identi-
fication of (1) decision criterion, (2) decision alternatives, and (3) de-
cision factors (certain and uncertain parameters). The next step would 
be the progressive analysis of the decision, i.e., the DA cycle (Fig. 4) 
comprising three phases of deterministic analysis, probabilistic analysis 
and information analysis [67]. Its main idea is to continuously eliminate 
the variables that are not essential to the final decision. The three phases 
can be repeated based on the updated information or data, or they may 
end with the identification of the best course of action. For the supply 
chain problem of the study, we have earlier introduced the decision 
criterion, as well as the eight supply chain options (including two pro-
duction and four carrier choices). We will assess the decisions based on 
two alternative decision criteria : the expected levelized cost of 
hydrogen (ELCOH) and the expected levelized cost of energy (ELCOE). 
The techno-economic factors of each option are discussed later. Some 
uncertain factors include electricity price, technology-specific energy 

efficiency and thus electricity consumption rate, capital expenditure 
(CAPEX), fuel price (affected by crude oil price), ship charter rates, and 
carbon cost/tax/credit when available (see Fig. 5). Here, we discuss the 
three DA phases. 

Deterministic phase: In this phase, the range of uncertain parameters 
is identified with the quantification of their lower bound, upper bound 
and base values. Then a sensitivity analysis is performed at the bound-
aries of each uncertain parameter, but with a deterministic decision 
criterion (i.e., ELCOH or ELCOE). The outcome is a tornado dominance 
chart showing the impact of each uncertain factor on the decision cri-
terion and enabling the decision-maker to refine the decision framework 
with the removal of uncertain parameters which have a negligible 
impact on the decision criterion. 

Probabilistic phase: In this phase, the shortlisted uncertain factors 
are assigned with their probability distribution (using historical data or 
expert input). The probabilistic decision tree model for the computation 
of the expected value of the decision criterion (i.e., ELCOH or ELCOE) 
will be developed (see, for instance, Fig. 6) enabling us to identify the 
most feasible supply chain option under the given assumptions. 

Informational phase: Uncertainties are significantly time-dependent, 
and as information is updated, their value and significance are also 
affected. When the probability values of uncertain factors are affected, 
the DA cycle is conducted once again to obtain more accurate results. 

Once the DA cycle procedure is concluded, the results can be further 
investigated by the decision-makers to make their final decisions based 
on the DA cycle suggestions. 

4. Supply chain options modelling 

4.1. Overall framework 

Fig. 5 illustrates the decision model. We have identified electricity 
price, process energy efficiency (i.e., electricity consumption for pro-
duction or conversion of one unit of hydrogen energy), CAPEX, ship fuel 
price, and ship charter rate as parameters with some levels of 

Fig. 2. Green electricity production (e.g., by solar PV and wind) and its export utilisation options.  
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uncertainty. It is also noteworthy that although operation expenditure 
(OPEX) is not directly considered as an uncertain variable, it is indirectly 
subject to uncertainty due to being a function of the electricity price and 
production/conversion energy efficiencies. Next, for each of these pa-
rameters, we assume a certain number of scenarios with a given prob-
ability. The cost of electricity is assumed to be inclusive of all 
transmission costs to the electrolysers. Assuming E price scenarios for 
electricity, EPen denotes the electricity price for scenario e (1 ≤ e ≤ E) in 
year n (1 ≤ n ≤ N) with a given probability value Pr[Scenario e]. 
Similarly, we assume C scenarios (1 ≤ c ≤ C) for the CAPEX of each 

production i (CXic) and carrier j (CXjc) option with a given probability 
value Pr[Scenario c]. For each production system i, we assume F sce-
narios for the conversion efficiency of electricity (e.g., in kWh) to 
hydrogen (e.g., in kgH2) denoted by ηif (1 ≤ f ≤ F) with allocated 
probability value Pr[Scenario f]. Similarly, we denote the conversion 
efficiency of the energy carriers considered with ηjf (1 ≤ f ≤ F). 

Oil price affects various elements in the energy sector including 
bunker fuel costs. Assuming K price scenarios for bunker fuel, FPkn de-
notes the fuel price for scenario k (1 ≤ k ≤ K) in year n with probability 
Pr[Scenario k]. Similarly, assuming R charter rate scenarios for carriers, 

Fig. 3. Overview of hydrogen supply chain with all alternative energy carriers.  

Fig. 4. Phases of the decision analysis cycle (DAC).  
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CRkn denotes the charter rate for scenario r (1 ≤ r ≤ R) in year n with Pr 
[Scenario r]. Where relevant, we assume G scenarios for greenhouse gas 
(GHG) tax or credit with GPgn denoting the GHG cost/tax/credit for 
scenario g (1 ≤ g ≤ G) in year n with Pr[Scenario g]. This gives us a 
decision tree (Fig. 5) with E × C × F × K × R × G stochastic scenarios for 
each of the O = I × J options tackled. 

The decision criterion is the expected levelised cost of hydrogen 
(ELCOH) over all uncertain scenarios, which is composed of all costs 
across the value chains including H2 production, conversion, storage and 
transport. Each of these costs is calculated separately. The first part is the 
levelised cost of production (LCOP) which includes hydrogen genera-
tion. Then, we have the levelised cost of conversion (LCOC) for different 
carriers, followed by the levelised cost of storage (LCOS), and levelised 
cost of transport (LCOT) for different energy carriers. In the next sec-
tions, the formulations of each of these five factors and the final ELCOH 
are provided. 

4.2. Hydrogen production (electrolyser) 

The purchased electricity first enters the hydrogen production unit 
which is an electrolyser. To produce hydrogen from an electrolyser, a set 
of interlinked processes are involved that include electricity and water 

inputs, electrolysis, pipeline operations, compression, and storage. In 
this study, two types of electrolysers are considered: Alkaline Electro-
lyser (AE) (i = 1) and Polymer Electrolyte Membrane (PEM) (i = 2). The 
LCOP formulations of both technologies are similar despite their 
different timelines for stack replacement. Generally, the levelised cost of 
energy products is given by 

LCOP =
FCF × CX + OX1

DC × TPY × CF
, (1) 

where CX is the CAPEX, OX1 is the OPEX of the plant during year n =
1, DC is the design capacity of the process in terms of unit weight of 
product per time interval Δt, TPY is the number of Δt within a year, and 
CF is the annual capacity factor of the plant. FCF is the fixed charge 
factor for levelisation of total CAPEX, also known as capital recovery 
factor or annuity factor. It is given by 

FCF =
d(1 + d)N

(1 + d)N − 1
, (2)  

where d is the discount rate and N the expected economic lifetime of the 
plant. On this basis, the LCOH for hydrogen production is given by   

Fig. 5. Decision model for alternative renewable hydrogen vector supply chains including the decision alternatives (utilisation options), decision variables, and the 
structure of the decision criterion, i.e., the expected levelised cost of hydrogen (ELCOH) for all utilisation options considered. 

LCOPiecf =

⎛

⎜
⎜
⎝

FCF ×
(
CXP

ic +
∑ n

ns
q=1

(
SCic

(1+d)qns

)(
SCic

(1+d)qns

))
+ FOXP

i1 + EPe1 × EC × TPY

ηif × EC × TPY × CFi

⎞

⎟
⎟
⎠ (3)   
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where CXP
ic is the CAPEX for electrolyser technology i at CAPEX 

scenario c. The term after the CAPEX in the nominator is related to the 
stack replacement costs in which ns denotes stack life, SCic is the stack 
cost for technology i and CAPEX scenario c, and q denotes the quantity of 
stacks used. ηif is conversion efficiency (input to output) of technology i 
at efficiency scenario f, and CFi is the capacity factor of plant i. FOXP

i1 
denotes fixed OPEX of technology i in the first year of operation. 

4.3. Hydrogen storage, carriers and transport 

The hydrogen produced from the electrolyser can be delivered to the 
consumer via four carriers: compressed (CH2), liquefied hydrogen (LH2), 
ammonia (NH3), and methanol (MeOH). All these carriers require 
certain (physical or chemical) conversion processes to convert hydrogen 
into the carriers. For CH2, hydrogen must be compressed. Although CH2 
has a very low energy density as compared to the other carriers, it may 
still be economical for some customers. LH2 requires cryogenic lique-
faction, and ammonia (NH3) requires the Haber-Bosch process and air 
separation. Methanol (MeOH) production requires carbon monoxide 
(CO) or carbon dioxide (CO2) as inputs other than hydrogen. Methanol 
production is a potential pathway for CO2 utilisation to useful products 

[68]. Given a different jurisdiction, it may incur a positive (capturing or 
purchasing pure CO2) or negative (CO2 utilisation) cost 

(
GPg

)
for de-

livery of a unit weight of hydrogen 
(
θj
)
. As such, the overall LCOC (e.g., 

in $/kgH2, where $ refers to the Australian dollar/AUD throughout this 
article) for these four options is given by    

where HC is the input hydrogen capacity per time interval Δt, (e.g., 
in kg/hr or tonnes/day) for which CXC

jc is the associated CAPEX of the 
conversion and storage facility. FOXC

j1 denotes fixed OPEX of the con-
version technology j in the first year of operation. ζjf denotes the elec-
tricity consumption (kWh/kgH2 consumed) for carrier j, εjf is the 
compressor efficiency, and CFj is capacity factor, and θj denotes the 
amount of CO2 per weight of H2 consumed (applicable here only to 
MeOH). 

The hydrogen vector supply chains include two storage facilities. The 
first one is between the electrolyser and the carrier conversion unit to 
store enough H2 to assure operation continuity upon short-term 
disruption to electrolyser output (e.g., electricity supply variability). 
The second is for the carrier itself waiting for the arrival of a delivery 

Fig. 6. Decision tree structure for the various options and stochastic scenarios considered.  

LCOCjecfg =
FCF × CXC

jc + FOXC
j1 + EPe1 × HC × TPY ×

ζjf
εjf + GPg1 × HC × TPY × CFj × θj

HC × TPY × CFj
(4)   
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tanker. For obvious reasons, the first storage unit is the same for all 
supply chain routes. However, the second storage unit depends on the 
carrier. Therefore, the total levelised cost of storage (LCOS) is given by 
the sum of the levelised cost of storage for production (LCOSP) and that 
for transport (LCOST), 

LCOSjecf = LCOSPjecf + LCOSTjecf =
FCF ×

(
CXSP

jc + CXST
jc

)
+ FOXS

j1

HC × TPY × UFj
(5) 

where CXSP
jc andCXST

jc are capital expenditures (in $) of the first and 
second storage units. It is possible that some decision-makers might 
consider the first storage unit as a part of the electrolyser unit, and the 
second storage unit as a component of the conversion unit. We assume 
that electrolyser, storage facility, and unloading facility lie in proximity, 
hence the cost associated with inland hydrogen/chemical transport is 
considered as negligible. 

The final element in the value chains is the transport of the energy 
carrier. The LCOT (levelized cost of transportation per weight per dis-
tance) for each option j which is given by 

LCOTjrk = γj

⎛

⎜
⎜
⎝

CRjr

(
2D
vj
+

VCj
2LRj

)
+ PCj

(
VCj
2LRj

)
+ Ij + FRj × FCk1

(
2D
Vj

)

VCj×wj ×
(

1 − ∝j
2D
vj

)

⎞

⎟
⎟
⎠ (6) 

where CRjr is the ship charter rate (cost per day), D is the transport 
distance (laden + ballast), FCj is the fuel consumption rate (weight per 
time) for carrier option j, vj the vessel speed, VCj is the vessel capacity 
(weight) for the product, PCj is the port costs (per day), Ij is insurance 
and other costs, LRj the filling rate (loading and offloading), γj is the 
complexity factor for each carrier tanker, wj is the weight ratio of 
hydrogen to product and FRj is the consumption rate of the fuel for the 
tanker of carrier j, and FCk1 is fuel cost per unit weight under fuel price 
scenario k in the first year (n = 1). The term ∝j refers to the rate of carrier 
loss during transport due to various reasons including boil-off. These 
lead to the total LCOH given by 

LCOHijecfkrg = LCOPiecf +LCOCjecfg +LCOSjecf +LCOTjrk. (7) 

With these, the supply chain formulation for all pathways is 
completed. The last step is to compute the expected value of LCOH, i.e., 
ELCOH over the supply chain and considering all uncertain parameters. 
This is given by 

ELCOHij =
∑E

e=1
Pr[e] ×

∑C

c
Pr[c] ×

∑F

f
Pr[f ] ×

∑K

k
Pr[k] ×

∑R

r
Pr[r]

×
∑G

g
Pr[g] × LCOHijecfkrg. (8) 

Once ELCOHij is computed for all eight supply chain options, the 
probabilistic DAC will be concluded by the recommendation of the path 
with the lowest expected levelised cost of energy (ELCOE). It is also 
noteworthy that ELCOH can be easily converted to other forms. For 
instance, the expected levelised cost of energy (i.e., $/unit energy) is 
given by 

ELCOEij =
wj × ELCOHij

LHVj
, (9) 

where ELCOEij denotes the levelised cost of energy (e.g., in $/GJ), 
LHVj is the lower heating value of carrier j, and wj is the weight con-
version ratio of the hydrogen to product (value of one for CH2 and LH2). 
Having formulated the decision analysis framework, in the next section, 
we use a case study to demonstrate the model performance. 

5. Case Study: Australian renewable energy export 

Australia is the world’s sixth-largest country, with diverse climate 
and renewable energy resources. With one of the best solar energy re-
sources, the country has a legitimate interest in considering the potential 
of exporting its renewable energies to at least the neighbouring ASEAN 
markets. Otherwise, such resources will be stranded, a situation which is 
identifiable as resource wastage [25]. Table 1 lists the distance between 
20 Australian strategic ports and their trans-ocean distance (and travel 
time at a speed of 17 knots) to four potential markets in Singapore, 
Japan, and Germany (as an extreme case). The shortest path is 1660 NM 
(Nautical Miles) (4 days, one-way) between Port of Dampier and Port 
Singapore, with the longest being 12,223 NM (29 days) between Port 
Brisbane (Australia) and Port Bremerhaven (Germany). 

Here our goal is to investigate the feasibility of Australian renewable 
electricity exports through the hydrogen vector. We wish to identify the 
most feasible value chain (hydrogen production technology and energy 
carrier) for exports by calculating the expected levelised cost of 
hydrogen between any given two export and import points. Table 2 lists 
the input parameters used for this analysis. To get the most accurate 
results, we have investigated a wide range of academic and industrial 
publications and employed the most reliable data. The three stages of 
the decision analysis cycle for this case are discussed next. 

5.1. Deterministic analysis 

Identification of influential decision factors: We start the decision 
analysis cycle with the deterministic phase and conduct the sensitivity 
analysis of the value chain costs for each utilisation option with respect 
to electricity price, production/conversion efficiency (electricity con-
sumption rates), CAPEX values, bunker fuel price, tanker charter rate, 
distance to market, and other factors as described in the utilisation op-
tions. Fig. 7 shows the tornado diagram for the eight supply chain 
pathways. The beauty of this way of presentation is that the tornado 
diagram provides the whole picture of cost comparison and makes it 
often easy for a diverse audience to visually assess the options investi-
gated. For the present study, it is evident from the figure that there are 
some differences between (at least some of) the pathways. It is also clear 
that for any given pathway, some factors have notable impacts on the 
LCOH compared with others. 

As electricity is the main input for hydrogen production, its price has 
a great significance. The tornado diagram shows that the electricity 
price and electrolyser efficiency both have a major impact on LCOH for 
each carrier. CAPEX of production (electrolysers) and conversion units 

Table 1 
Transport distance & time between 20 strategic Australian ports and three in-
ternational destinations.  

Australian key ports 
[69] 

Export distance (NM), and 
One-way travel time* (days) 

Singapore 
(Port 
Singapore) 

Japan 
(Port 
Kagoshima) 

Germany 
(Port 
Bremerhaven) 

Port of Gladstone 3577 NM (9 
days) 

3967 (10) 11,958 (29) 

Port of Adelaide 3504 (9) 5299 (13) 11,057 (27) 
Port of Hay Point 3356 (8) 3803 (9) 11,737 (29) 
Port of Brisbane 3942 (9) 3942 (10) 12,223 (30) 
Port of Hobart 3967 (10) 4960 (12) 11,441 (28) 
Port of Cairns 3012 (7) 3459 (8) 11,393 (28) 
Port of Melbourne 3842 (9) 4950 (12) 11,316 (28) 
Port of Newcastle 4214 (9) 4284 (10) 11,830 (29) 
Port of Dampier 1660 (4) 3327 (8) 9582 (23) 
Port of Port Botany 4279 (18) 4349 (18) 11,759 (29) 
Port of Darwin 1887 (5) 2725 (7) 10,221 (25) 
Port of Port Hedland 1678 (4) 3273 (8) 9666 (24) 
Port of Rockhampton 3541 (9) 4006 (10) 11,922 (29) 
Port of Fremantle 2220 (5) 4130 (10) 9780 (24) 
Port of Townsville 3170 (8) 3617 (9) 11,551 (28) 
*At a speed of 17 knot  
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also show an important impact on the decision criterion [7]. Therefore, 
all these decision factors will be carried forward to the probabilistic 
phase. 

The factors with an uneven impact on various supply chain options 
include the fuel price, charter rate, and distance. From Fig. 7, it can be 
observed that the fuel price and charter rate have an almost negligible 
impact on the LH2, NH3 and MeOH supply chains. But, due to the low 
technological readiness (a compressed gas tanker fleet does not exist yet) 
and complex transport technologies, compressed hydrogen has a high 
variation in ship charter rates. If we were comparing only the three 
options, we could use their nominal values and cease to consider them as 
uncertain parameters. Still, given that for the CH2 supply chain these 
two factors have a significant impact on the decision criterion, thereby 
we have to keep these two factors as uncertain as well. The last element 
is distance. Distance is not a decision criterion. We are using a range of 
distance to demonstrate its impact on the decision criterion, and Fig. 7 
clearly shows the significant impact of distance on LCOH particularly for 
CH2. If the distance to market is low, the cost is fairly low for a com-
pressed hydrogen energy chain; however, as the distance increases, the 
cost of energy increases considerably. In fact, the dependence of CH2 
cost on distance is the most significant factor among all parameters 
discussed. 

AE vs PEM: We have intentionally demonstrated the tornado dia-
gram (Fig. 7) in the form of two figures to show the impact of electro-
lyser choice on the decision criterion. It is visible from the figure that the 
CAPEX (including stack replacement) for the PEM has a much higher 
impact on the decision criterion than that for the AE. The impact of 
conversion efficiency is reverse, though its magnitude is less than 
CAPEX. Due to the high interest in PEM by researchers, there is an 

expectation of cost reduction and a higher conversion efficiency; 
therefore, there is a higher variation of the CAPEX cost and lower con-
version efficiency variance for the PEM. Ultimately, it appears that the 
CAPEX impacts dominate that of conversion efficiency, and in general, 
the supply chain options with AE show relatively lower LCOH compared 
with the PEM (Fig. 7). There are elaborated discussions on this in the 
following Section 5.2. 

Overall cost implications: The tornado diagram summarises all the 
costs associated with each energy option. If we consider ammonia, liq-
uefied hydrogen and methanol as energy carrier options, these have 
comparable costs that lie between 6 and 12 $/kgH2. However, the lowest 
cost of the supply chain lies with methanol as an energy carrier. 
Considering the least input cost variance, fuel price and charter rate are 
the only factors that do not impact the overall cost of energy for those 
three carrier energy options. If those options are assessed separately, the 
mentioned two factors can be fixed at their base values. 

5.2. Probabilistic analysis 

The results from the deterministic analysis presented in Fig. 7 clearly 
show the impact of uncertainties or variations in electricity price, energy 
efficiency, CAPEX, charter rate, distance to market and fuel price on the 
LCOH. Therefore, we keep these uncertain parameters for the probabi-
listic analysis phase. For each uncertain parameter, we use a three-point 
probability distribution with low at a probability of 25 %, base at 50 %, 
and high with a probability of 25 %. This makes the decision tree (see 
Fig. 6) with (2 × 4)×(3 × 3 × 3 × 3 × 3) = 1944 possibilities. Given that 
CO2 is only consumed for the MeOH process, here we assume the median 
cost of 50 $/tonneCO2e as reported in Table 2. 

Table 2 
The input economic and design parameters for the energy production and conversion in the Australian case study for the renewable hydrogen vector supply chains 
depicted in Fig. 5.  

Decision variables and parameters Units of measurement (UoM) Low Base High References 

AE  
Electricity price (EPen) $/MWh 30 50 70 [3,4,58,70,71] 
f.o.b equipment cost* $/kW 900 1000 1400 
OPEX (OXiefn) excluding electricity % of CAPEX – 2 – 
Production efficiency (ηif) kWh/kgH2 50 55 60 
Stack life (ns) hrs – 90,000 – 
Cost of stack (SCic) $ – 550 – 
Capacity factor (CFi) % – 85 –  
PEM  
f.o.b equipment cost* $/kW 1000 2000 3000 [4,70–73] 
OPEX (OXiefn) excluding electricity % of CAPEX – 2 – 
Conversion efficiency (ηif) kWh/kgH2 45 50 55 
Stack life (ns) Hrs – 120,000 – 
Cost of stack (SCic) $/kW – 700 – 
Capacity factor (CFi) % – 85 –  
CH2  

f.o.b equipment cost* $/kW 2 2.8 4 [3,58,74,75] 
Conversion efficiency (ηjf) kWh/kgH2 1.6 2.4 4 
Compressor efficiency % – 75 – 
Capacity factor (UFj) % – 91 –  
LH2  

f.o.b equipment cost* $/kW 7 9 11 [76–79] 
Conversion efficiency (ηjf) kWh/kgH2 6 9 12 
Capacity factor (UFj) % – 85 – 
MeOH  
f.o.b equipment cost* $/kgMeOH/year 0.7 1 1.2 [3,80] 
GHG cost/tax/credit $/tonneCO2e 20 50 80 
GHG consumption rate kgCO2/kgMeOH – 1.5 – 
Conversion efficiency (ηjf) kWh/kgMeOH – 0.40 – 
Hydrogen consumption ratio (considering process loss) kgH2/kgMeOH – 0.20 – 
NH3  

f.o.b equipment cost* $/kgNH3/y 1 1.5 1.7 [54,81,82] 
Capacity factor (CFi) % – 85 – 
Conversion efficiency (ηif) kWh/kgNH3 – 0.486 – 
Hydrogen consumption ratio (considering process loss) kgH2/kgNH3 – 0.183 – 

* For all production/conversion units, the CAPEX is taken as 2.4855 times the f.o.b (free on board) cost of equipment based on Turton’s CAPCOST approach [83]. 
Note. All costs are in Australian dollars (AUD). 
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The analysis results for a market distance of 4000 NM are illustrated 
in Fig. 8 a). The results show a different pattern for the two decision 
criteria (ELCOH and ELCOE). When the decision criterion is hydrogen 
content, i.e. ELCOH ($/kgH2), the model finds AE-NH3 as the most 
optimal supply chain path for this case study with 8.87 $/kgH2, followed 
by AE-LH2 as the second-best option at a value of 9.05 $/kgH2. Inter-
estingly, in this regard, MeOH proves to be the least attractive path. 
Nevertheless, with the decision criterion of energy content, i.e. ELCOE 
($/GJ), AE-MeOH proves to be the most feasible path (74.57 $/GJ) 
followed by AE-LH2 as the second-best option (79.36 $/GJ). This creates 
an interesting discussion on whether our objective is hydrogen export or 
renewable energy export. If the objective is hydrogen export, MeOH is 
the least attractive process mainly because part of the inlet H2 is unde-
sirably converted to water during methanol synthesis process (CO2 +

3H2 → CH3OH + H2O). However, from an energy content point of view, 
MeOH is the best solution due to its high LHV. This implies that the 
ultimate use of these chemicals may also affect the choice of decision 
criterion, and that impacts the option chosen as the most preferable one. 

Fig. 8 b) also provides a higher resolution of the results based on the 
cost components of each supply chain path. As becomes evident from the 

figure, transport (LCOT) is the detrimental element in CH2 supply chain 
feasibility compared with other options. 

5.3. The best options for a given market 

In the previous section, we demonstrated the DAC framework per-
formance, and we executed one example for a market at a distance of 
4000 NM. Here, we run three rounds of that analysis for export scenarios 
with destinations Singapore, Japan, and Germany from the Australian 
Port of Dampier, with distances of 1660, 3327, and 9582 NM, respec-
tively (see Table 1). Fig. 9 shows the two best supply chain paths for each 
of the market locations using the two decision criteria. 

The overall trend is that, when the decision criteria is hydrogen 
content, for all three destinations, the model selects AE-NH3 as the best 
path followed by AE-LH2 as the second-best path. For Singapore 
(Australian port Dampier to Singapore port), the ELCOH values are 8.56 
$/kgH2 and 9.05 $/kgH2 for AE-NH3 and AE-LH2, respectively. The 
values for Japan (Australian port Dampier to Japanese port Kagoshima) 
are obviously higher than those for Singapore: 8.78 $/kgH2 and 9.39 
$/kgH2 for AE-NH 3 and AE-LH2, respectively. The values become 9.63 

(LCOH) (LCOH)

Fig. 7. Tornado sensitivity analysis for the LCOH of different supply chain options (composed of a combination of PEM, AE, and CH2, LH2, NH3, MeOH) against the 
key decision factors (based on data reported in Table 2). 
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$/kgH2 and 10.70 $/kgH2 for AE-NH3 and AE-LH2, respectively, for 
Germany (Australian port Dampier to German port Bremerhaven). 

However, when the decision criterion is the energy content, for all 
three destinations, the model selects AE-MeOH as the best path, still AE- 
LH2 keeps its second place, and AE-NH3 becomes the third-best path. 
One key observation here is the difference between the first and second 
options for various distances. When the distance is short or medium, 
there is a small difference between the two options, but for long dis-
tances the first option (AE-MeOH) has clear attractiveness. For instance, 
for Singapore, the ELCOE values for AE-MeOH and AE-LH2, are 73.34 
$/GJ vs 75.39 $/GJ. The values for Japan are 74.21 $/GJ vs 78.21 $/GJ. 
This gap for Germany becomes 77.65 $/GJ vs 89.17 $/GJ. 

As a conclusion and for visual demonstration, Fig. 10 illustrates a 
comparison of different energy carrier options versus a trip distance of 
1500–10000 NM and for two decision criteria of a) ELCOH ($/kgH2) and 
b) ELCOE ($/GJ). From Fig. 10 a) for the ELCOH criterion, it is easy to 
identify NH3 as the least-cost option, followed by LH2 and MEOH, 
leaving CH2 as the least preferable option. However, the lowest cost of 
transport is incurred by MeOH due to its physical state at ambient 
temperature, followed by NH3 and LH2, respectively. This can also 
explain why MeOH has the least variation in cost over wide travel 

distances: NH3 and LH2 have a slightly steeper gradient in comparison to 
MeOH. However, the cost of transporting CH2 becomes significantly 
higher when the journey distance is increased and this is visually evident 
from the figure. From Fig. 10 b), for the ELCOE criterion, it can be 
observed that methanol becomes the best route across the destination 
range. 

5.4. Impact of CO2 price/tax/credit 

A key challenge in the analysis of international supply chains is the 
legislative issues in terms of emissions. For instance, MeOH process 
utilises carbon dioxide (3H2 + CO2+→ CH3OH + H2O) which can attract 
carbon credit in the supply side region. However, on the demand side, 
the reverse process will emit CO2 which can lead to carbon taxaction. 
Looking also at the overall supply chain, the process can be considered 
as nearly CO2-neutral. At this point of time, it is not clear how in the 
future such issues will be dealt with. In this study, to be neutral (and fair 
with other alternatives) we did not consider CO2 utilisation in methanol 
process as a carbon credit [55]. Instead, we considered the cost for pure 
CO2 (obtained from available carbon capture processes). 

For readers’ interest, we have calculated the impact of CO2 cost on 

87.95

Fig. 8. The probabilistic analysis results for exporting hydrogen from Australia to a market located at 4000 NM distance.  
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the ELCOH of methanol option. Fig. 11 shows the ELCOH at four CO2 
cost values of 0, 20, 50 and 80 $/tonne CO2. While, at zero price for CO2, 
the ELCOH is 11.8 $/kgH2 for AE-MeOH, the values increase roughly by 
1 % for every 10$/tonne-CO2 cost increase. For instance, at 20$/tonne- 
CO2, the ELCOH increases by 2.16 % to 12.03 $/kgH2, and it increases 
by 8.6 % to 12.80 at 80$/tonne-CO2. A similar trend can be observed for 
PEM-MeOH as well when the other criterion (ELCOE) is used. 

6. Conclusions 

Remarkable advances in renewable energy technologies and prices 
over the last decade have created two inter-related interests in the 
supply and demand sides of decarbonisation. On the demand side, it has 
promoted the ambitions to the realisation of net-zero emission planning. 
This necessitates decarbonisation not only of electricity sectors but also 
sectors using other energy sources such as fuel for transport services or 

Fig. 9. The probabilistic analysis results for four market locations. Tornado Sensitivity Analysis for PEM, AE and CH2, LH2, NH3 and MeOH for parameters and data 
(Table 2) used in the case study. 
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manufacturing. Achieving this goal requires alternative forms of 
renewable energy, which leads to the context of the hydrogen economy. 
On the supply side, the regions with high-quality renewable energy re-
sources are now motivated to utilise these resources not only for their 
domestic energy need but also for global export. This movement has 
already initiated bipartisan cooperation between some energy exporting 
countries and some with abundant renewable energy resources as well 
as the supporting infrastructure. 

This paper looked at the problem from the supply side, where a 
resourceful region is exploring renewable energy exports. It considered 
renewable energy export options based on a hydrogen vector to markets 
that are reached offshore via shipping. The complexity of this decision- 
making problem was elaborated, and with evidence from the literature, 
the need for a rigorous decision analysis framework was justified. We 

then introduced a probabilistic decision support tool based on the de-
cision analysis cycle and with consideration of several key decision 
factors as uncertain parameters (e.g., CAPEX, electricity price, tech-
nology efficiency, distance to market and ship charter rate). As a case 
study, we used eight supply chain options based on two electrolyser 
technologies (AE and PEM) for hydrogen production, and four shipping 
options, namely compressed hydrogen (CH2), liquefied hydrogen (LH2), 
methanol (MeOH), and ammonia (NH3). The key research question was 
to find out the most preferable option in terms of cost minimisation. The 
framework calculates the entire energy supply chain costs of production, 
transmission, storage, conversion, and transport of hydrogen of all 
alternative energy carriers in the form of expected levelised cost of 
hydrogen content per unit weight. 

The tornado analysis of the decision factors justified that all our pre- 

Fig. 10. Cost sensitivity of the supply chain options to demand market distance (variation. 1500 NM-10000 NM) using the two decision criteria a) ELCOH ($/kgH2) 
and b) ELCOE ($/GJ). 
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selected uncertain parameters were important and had to be kept in the 
probabilistic analysis. It also showed the somehow outlier features of the 
CH2 carrier compared with the other three options. This observation was 
repeated in later analyses and the judgement was reinforced. We con-
ducted supply chain analysis for three routes from Australia to 
Singapore, Japan and Germany. The model was able to identify the most 
feasible supply chain options for each of the given distances. The results 
clearly showed the complexity of decision making induced by multiple 
factors. One of the key outcomes of the study was the importance of 
decision criteria. When the objective was the minimum cost per quantity 
of delivered hydrogen (i.e., ELCOH), the results appeared to be different 
compared to when the objective was the minimum cost per quantity of 
energy (i.e., ELCOE). For ELCOH ($/kgH2), for the case study, under the 
given input parameters, the Ammonia combination with alkaline elec-
trolysers (AE-NH3) becomes the least-cost supply chain option for 
Singapore, Japan, and Germany with ELCOH of 8.60, 8.78 and 9.63 
$/kgH2, respectively. The second-least-cost supply chain for Singapore, 
Japan and Germany is liquid hydrogen (alkaline electrolysers) with 
ELCOH of 9.05, 9.39 and 10.7 $/kgH2, respectively. However, when we 
used ELCOE ($/GJ), AE-MeOH became the preferred supply chain path 
for all destinations, and AE-LH2 kept its place as the second-best 
alternative. 

Last but not the least, the methodology is generic, the input values 
presented in this study were taken from published documents. As the 
technologies enhance and input data are updated, future researchers 
may need to re-execute the analysis for a more realistic analysis of their 
time and region. 
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