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Renewable energy carriers that are easy to transport and store are a key component of transnational energy trade
in the global energy transition. This study compares six different energy carriers for long-distance energy supply;
encompassing hydrogen, ammonia, methanol and synthetic methane, and, notably, metal fuels — specifically iron
and aluminum. Drawing upon extensive techno-economic analyses spanning the entire energy supply chain,
aluminum and iron emerge as particularly promising options for long-distance energy supply due to advanta-
geous transport and storage properties combined with moderate conversion costs and the absence of costly in-
termediates such as carbon dioxide. The inclusion of comprehensive sensitivity analyses provides valuable

insights into the suitability of these energy carriers for the transport and storage of renewable energy, further
contributing to the understanding of their role in transforming the global energy landscape.

1. Introduction

Synthetic secondary energy carriers (ECs), which store renewable
energy in chemical compounds, will play an important role in decar-
bonizing global energy systems, particularly for demand regions with
constrained renewable electricity generation potentials, sectors with
limited electrification feasibility, and long-term energy storage [1-3].
While hydrogen is an attractive option for pipeline-based energy trade,
research indicates that for overseas energy supply, the significant costs
for hydrogen liquefaction often make the production of derivatives such
as ammonia, methanol, or synthetic methane — via the synthesis of
hydrogen with nitrogen or carbon dioxide — more favorable [4-6].

Moreover, the potential of metals as renewable, zero-carbon ECs has
drawn more attention in recent years from researchers worldwide
[7-13]. Iron and aluminum are regarded as particularly promising metal
ECs due to their abundance in the earth crust, their cyclability, and the
implemented and scalable technologies for reducing their metal oxides
[7,8,14-17]. Compared to hydrogen and hydrogen derivatives, iron and
aluminum offer higher volumetric energy densities (see Table 1), simple
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storage and transport as solid bulk material, and feature no direct ex-
ports of water in the form of hydrogen molecules from the energy supply
countries.

Research has primarily focused on material properties and technical
aspects of the energetic use of metals, such as reaction kinetics, com-
bustion mechanisms, energy cycle efficiency, cyclability, handling re-
quirements, and infrastructure retrofit options [7-20]." However, to
date, only a few studies have incorporated economic evaluations
regarding the use of metal fuels: Ersoy et al. [24] present a techno-
economic analysis on the use of aluminum as an energy carrier for
simultaneous electricity and hydrogen production in a fuel station
business case. Their findings indicate that aluminum is economically
competitive when compared to a system that incorporates hydrogen
cavern storage. Boudreau et al. [25] evaluate aluminum, liquid
hydrogen and ammonia in a power-to-power system design for a remote
mine, finding that the aluminum path can provide electricity at costs
similar to those of the more commonly considered hydrogen derivatives.
Neumann et al. [26] conduct a comparative analysis between iron and
hydrogen for electricity generation in several case studies with different
combinations of exporting and importing countries. The results indicate
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! These investigations into metals as ECs have to be differentiated from the extensive research on metal hydride hydrogen storage [21-23]. In the context of metal
hydrides, the metal functions solely as a medium for hydrogen storage and is not directly energetically used.
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Glossary heat Process heat

H2buf  Hydrogen buffer
Symbols H2comp Hydrogen compressor
CF Capacity factor k Sub-process
COE Cost of energy Prod Final product
COHE  Cost of hybrid electricity RE Renewable electricity
COPH  Cost of process heat th Thermal
CORE  Cost of renewable electricity tra Transport
CRF Capital recovery factor o
d Distance in km Abbreviations .
e Specific energy demand Al Alum%num
ERC Energy-related costs Al;03 Alumina
ic Specific investment costs ASU Air separation unit
IRC Investment-related costs CEPCI  Chemical engineering plant cost index
It Economic lifetime CH, (Synthetic) Methane
ORC Operation-related costs CO; Carbon dioxide
TRC Transport-related costs co C'flrbon fnonoxide
tstore Storage duration DAC Direct air ca'lpture
. Discount rate EC Energy carrier
AHg Heat of reaction Fe Iron .
w Specific material demand Fe;03 Hematite
y Operation cost factor Hy Hydrogen
u Expected value H0 Water
o Standard deviation MeOH  Methanol

Ny Nitrogen
Subscripts/superscripts N,O Nitrous oxide
const Constant NH3 Ammonia
EC Energy carrier NOx Nitrogen oxides
el Electricity PSC Point source capture
fluc Fluctuating PV Photovoltaic
HE Hybrid electricity

2. Materials and methods

Table 1

Material properties of ECs [5,18,26].

Energy Density  Lower heating value Volumetric energy
Carrier [kg/ [kWh/kg] density [kWh/1]
m?]

Iron 7,870 2.05 9.68

Aluminum 2,700 8.60 14.10

Hydrogen (1) 71 33.33 2.37

Ammonia (1) 682 5.17 3.52

Methanol (1) 792 5.53 4.38

Methane (1) 450 13.50 6.08

comparable energetic efficiencies between the two options, but eco-
nomic advantages for iron due to the retrofitting potential of existing
infrastructure and superior transport and storage characteristics.

While numerous studies compare energy supply costs using
hydrogen derivatives [6,27-29], a notable gap remains in the literature
regarding comparative analyses that juxtapose multiple metal fuels and
hydrogen derivatives as secondary ECs from an economic perspective.
Addressing this identified research gap, this study conducts a compre-
hensive comparative evaluation of six promising secondary ECs for long-
distance energy supply, iron (Fe), aluminum (Al), hydrogen (Hy),
ammonia (NH3), methanol (MeOH) and synthetic methane (CHy4). The
corresponding energy supply chains are compared with respect to costs
at an abstract import destination, incorporating detailed depiction of
ship transport, conversion processes, production of precursors, and
storage of intermediate and final products. A particular focus is placed
on the impact of uncertainty, which is critical due to the involvement of
many technologies at an early stage of development. Appendix Al offers
concise profiles of the examined six ECs.

This section outlines the framework for evaluating the supply chains
of the six ECs, including the set of equations employed, definitions of
relevant terminology as well as materials and data used as input.
Furthermore, a base case is defined and respective sensitivity studies are
introduced.

2.1. Data collection

Data for the techno-economic analysis was gathered by a compre-
hensive analysis of recent literature. The analyses refer to the year 2030,
parameters are chosen accordingly whenever possible. Given that many
of the technologies under consideration currently have a low technology
readiness level or are available only at pilot scale, sensitivity analyses
are conducted to address uncertainties in, for example, investment costs,
or energy demands.

The conversion of any parameter initially specified in terms of mass
or volume to refer to energy content employs the density and gravi-
metric energy density of the respective EC, cf. Table 1. For the calcu-
lation of volumetric energy densities from the respective density and
lower heating value, a void fraction of 0.4 was assumed for the two
metals as powdery solids [30].

Restricting input parameters to be based on publications of the past
~ 5 years supersedes the need to convert costs to the same reference
year. Costs are expressed in euros; for the conversion from US dollars to
euros, the daily closing exchange rate averaged over the previous year of
the respective year of publication is used, see Table 2.
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Table 2
Exchange rates for the conversion from US dollars to euros.
Year Yearly average of daily closing exchange rate
[31]
2023 0.92415
2022 0.95113
2021 0.84572
2020 0.87700
2019 0.89329
2018 0.84745

2.2. System boundary and EC-specific process chains

Fig. 1 illustrates the scope for the evaluation of EC supply chains. The
detailed assessment of each stage allows for the comprehensive com-
parison of cost of energy (COEgc) at the importing site. The COEg¢ are
defined as specific cost relative to the energy content supplied to the
importing site, calculated using the lower heating value (cf. Table 1).

Regarding electrical energy usage, the study distinguishes between
two modes: processes can either be directly coupled to local renewable
electricity generation to benefit from low electricity costs, necessitating
flexible operation in response to the fluctuating electricity supply. This
isrepresented through a simplified static model based on average annual
full-load hours and cost of renewable electricity (CORE). Within this
framework, only the electrolyzer and the compressor for 250 bar
hydrogen buffer storage operate flexibly along renewable electricity
supply. For the remaining electricity-dependent processes, higher-cost
“hybrid electricity supply” (cost of hybrid electricity, COHE) is
employed to support continuous operation.” These processes are
executed continuously at their nominal load, with minimal downtime
due to, e.g., maintenance. This requires the inclusion of buffer storage
tanks for pressurized hydrogen to couple intermittent hydrogen pro-
duction with subsequent baseload processes.

Besides respective synthesis (for hydrogen derivatives) or reduction
(for metals) processes, relevant sub-processes are considered: direct air
capture (DAC) and point source capture (PSC)°® are implemented as two
options for carbon dioxide (CO2) supply to the methanol and methane
synthesis; furthermore air separation units (ASU) for nitrogen (N2)
production, and liquefaction stages. The scope of the analysis further
extends to cover storage and transportation of the (liquefied) ECs,
providing a holistic view of the entire supply chain from the synthesis/
reduction in an abstract exporting country to the provision of the ECs at
a likewise unspecified import location. In the context of transportation,
only long-distance international shipping is considered, without the
inclusion of intermediate modes of transportation. As both start and end
point of the supply chains remain abstract, the former only defined by
local electricity costs and full-load hours and the latter by the transport
distance from the exporting region, the variation of all three parameters
in the sensitivity analysis allows to represent numerous potential com-
binations of energy partnerships. This analysis intentionally avoids
specifying a use case for the imported energy, acknowledging the
diverse options such as electricity generation, high-temperature heat
supply, and transportation, notably aviation and shipping, all of which

2 The term "hybrid" lacks explicit definition concerning whether it denotes
renewable generation and supplementary grid purchase or involves the incor-
poration of battery storage. While our base scenario assumes renewable elec-
tricity generation paired with utility-scale battery storage in (see section 2.4),
the sensitivity analyses consider a broader range of COHE, which may also
reflect renewable electricity generation complemented by grid electricity sup-
ply (see section 2.5). However, in such cases of grid-supported electricity
supply, it cannot be guaranteed that the produced ECs are fully carbon neutral.

3 Recycling CO, from point sources into synthetic ECs is not a carbon—neutral
concept, as fossil carbon is ultimately released into the atmosphere during
combustion. However, it offers an interesting and, in terms of economics and
technology readiness, a more realistic benchmark case for 2030.
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are being explored both in the context of hydrogen derivatives and metal
fuels [3,20,25,32].

Costs associated with water supply to the electrolysis are not
considered, predicated on the understanding that the impact from the
inclusion of seawater desalination on the overall costs of hydrogen
production is negligible. Incorporating reverse osmosis, the current
leading desalination technology, is estimated to increase the energy
demand by no more than 0.2 % and add approximately $0.01 per ki-
logram of hydrogen to production costs [33].

For both iron and aluminum, feedstock costs for the metal powders
are omitted based on the assumption that the particles can undergo an
unlimited number of consecutive reduction and oxidation cycles, mak-
ing them, in principle, a permanent asset [8]. Neumann et al. demon-
strate that feedstock costs are negligible for the iron cycle, even with a
small number of cycles [26]. This assumption is extended to aluminum,
as its feedstock costs (approximately 0.3 € per kilogram alumina, which
translates to ~ 0.6 € per kilogram of aluminum, given that 1.9 kg of
alumina are required to produce one kilogram of aluminum [24,34]) are
of a similar order of magnitude relative to its energy content: 0.6 €/kga;
/ 8.6 kWh/kga; = 70 €/MWhy), compared to iron with feedstock costs of
~ 0.23 €/kgpe [26] and an energy content of 2.05 kWh/kgge, resulting in
112 €/MWhg.. When allocating the initial investment in the powders to
the energy content, even with a conservative usage period of 20 years,
four oxidation-reduction cycles per year, and a discount rate of 3 %, the
costs are reduced to 1.2 €/MWhy; and 1.9 €/MWhg,, respectively, which
is negligible (~1 %) compared to the energy supply costs observed in
our results.

2.3. Energy supply chain modeling

The calculation of COEg¢ at the import site for each respective EC
includes investment-related costs (IRC), operation-related costs (ORC)
covering both operation and maintenance, and energy-related costs
(ERC) for all process steps k (ASU, DAC, PSC, electrolysis, reduction,
synthesis, liquefaction and storage) along the EC-specific process chain
(cf. Fig. 1), as well as transnational maritime transport costs (TRC). Costs
are considered pre-tax and constant over the project’s entire economic
lifespan.

COEgc = IRCgc + ORCgc + ERCgc + TRCgc { (@D)]

&

MWhEC
ERC comprise costs for intermittent renewable electricity supply

(CORE), for constant hybrid electricity supply (COHE), and for process

heat (COPH), paired with respective energy demands (e) for all process

steps k:

€

ERCgc = Zk (eRE.kCORE + ek COHE + €neqr x COP H) {W} (2)
EC

IRC are determined from the specific investment costs (icy) and the ca-
pacity factor (CFy) (i.e., CFp, for fluctuating processes and CF s for
variable processes) by applying the capital recovery factor (CRF), which
is based on the economic lifetime Ity and the discount rate z.

IRCyc = ZkCRFk

ick _ Z (1+2)%2 ick €
CF-8760h (1 + z)ltk _ 1 CF-8760h | MWhgc
3)

ORC are frequently given as a share y, of the specific investment costs:

_ iCk €
ORCyc =3 i CF,-8760h {MWhEJ “)

The calculation of IRC, ORC and ERC for final product storage re-
quires an additional information: the total storage duration of the final
product before shipping tstorep,,q in days. IRC and ORC for storage units

are multiplied by tstorep,oq-(365days) ™.
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Fig. 1. Energy supply chains with corresponding material streams.

A pressurized hydrogen buffer storage system is included to balance
fluctuating hydrogen supply from electrolysis with subsequent contin-
uous liquefaction, synthesis or iron reduction processes. The size and
costs of the required pressurized hydrogen tank are based on the inter-
mediate hydrogen storage duration tstorey,p,s, WecH, represents the
specific hydrogen demand for the synthesis/reduction of the EC, and
icy,pys the specific costs for the pressurized hydrogen tank.

tstorey, pus €

IRCrc mybuf = CRFH;buf'mWEC,HZ “UCHy,; {Whﬁc]

)

IRC are calculated separately for the compressor of the 250 bar hydrogen
buffer storage:

iCHZcomp

€
IRCc tycomp = CRFpycomp CF uc~8760hch‘H2 {MWhEJ

(6)

In the assessment of maritime transport-related costs TRCgc, specific
costs ey, per energy content and distance are utilized and multiplied
with the transport distance dy, and a multiplier for the return journey (1
+ 8gc)- Given that these ships typically return empty from the importing
site back to the exporting site, Spc =1 is set for hydrogen and de-
rivatives. Ships would presumably not carry any additional products on
their return journeys, as these vessels are highly specialized. Instead,
empty ships often take on ballast water to ensure proper maneuver-
ability [35]. However, for the metallic ECs, the oxidized (depleted) EC
must be returned to the exporting site. Due to the binding of oxygen to
the metals, the increase in mass to be transported is considered (5p. =
1.43,54 = 1.89).

€
TRCic = dira(1 + Sgc)erra e {—} (2]

MWhEC

2.4. Base scenario data

Table 3 presents a set of general parameters applicable to all ECs,
most of which are subject in the sensitivity analyses. A real discount rate
of 3 % is employed. Renewable electricity costs CORE of 40 €/MWh
represent average photovoltaic (PV) and favorable onshore wind elec-
tricity generation sites projected for the year 2030 [36]. Hybrid elec-
tricity costs COHE are set at 100 €/MWHh, in accordance with the findings
from Schmidt et al. [37] for 2030 utility-scale lithium-ion battery stor-
age and Lazard [38] for PV-battery or wind-battery hybrid systems.

Process heat is relevant for three processes: DAC and PSC, which
operate at temperatures below 150 °C for the regeneration step using

Table 3

General input parameters for the base scenario.
Parameter Value
Discount rate 4 3%
Renewable electricity costs CORE 40 €/MWh
Hybrid electricity costs COHE 100 €/MWh
Process heat costs iron reduction COPH 100 €/MWh
Process heat costs DAC and PSC COPH 40 €/MWh
Capacity factor fluctuating processes CFuc 37.5%
Capacity factor baseload processes CFeonst 90 %
Final product storage duration tstoreproq 14 days
Hydrogen buffer storage duration tstorey, puf 3 days
Transport distance dirq 15,000 km

amine solvent materials, the most mature technology [39,40]; and iron
oxide reduction, which occurs at approximately 800 °C in the shaft
furnace [41,42]. Heat pumps are assumed to supply heat for both carbon
capture processes, as discussed in the literature for DAC [29,43-45] and
PSC [40,46,47]. Using a coefficient of performance of 2.5 and hybrid
electricity costs, COPH of 40 €/MWh are determined for DAC and PSC.
For the reduction of iron oxide, higher-temperature process heat is
assumed to be provided by electric resistance heaters, as seen in many
current studies on hydrogen-based iron ore reduction [41,42,48].
Assuming 100 % efficiency for these heaters, COPH are equivalent to the
costs of hybrid electricity supply COHE at 100 €/MWh for iron reduc-
tion. The capacity factor CF is linked to the electricity supply mode, as
operation aligned with dynamic electricity supply (full load hours
following [36]) results in reduced utilization while hybrid supply en-
ables baseload operation. The total storage duration of the final product
tstorep;,q before shipping is set at 14 days as in [28], meanwhile the
hydrogen buffer storage should cover three days of non-production of
the electrolyzer [49]. A shipping distance d; of 15,000 km in the base
scenario could exemplify, e.g., trade between Europe and Southern Af-
rica or Southern America.

Table 4 lists the input parameter values attributed to conversion
(electrolysis, DAC, PSC, air separation, synthesis, reduction, liquefac-
tion) and storage processes in the base scenario, whenever possible
representing the reference year 2030. All specifications for material
demands adhere to stoichiometric reactions. The specifications for the
electrolyzer incorporate anticipated advancements in proton exchange
membrane (PEM) technology expected by 2030, characterized by its
flexibility in operation. Parameters for aluminum smelting reflect the
Hall-Héroult process with inert anodes, as full commercialization is
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Table 4

Summary of key techno-economic parameters for storage and conversion processes.
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Process Specific energy Specific investment Specific operation costs y; Lifetime Specific material
demand ey costs ic Ity demand wgc/ boil-off
Water electrolysis 52.90 kWhe1/kgr2 [56] 650 €/kWe; [56] 4 %/a [56] 20 a [56] - [56]
H, liquefaction 6.78 kWhe1/kgh2 [29] 1,498 €/kWy, [29] 8 %/a [29] 20 a [29] —
H, liquid storage Boil-off relig. 26 $/kgn2 [56] 2 %/a [56] 20 a [56] Boil off: 0.1 %/d [56]
H, buf. storage — tank - 450 €/kgnz [43] 2 %/a [43] 20 a [43] -
H; buf. storage — compr. 1.71 kWhg/kgnz [43] 88 €/kWya [43] 4 %/a [43] 15a [43] —
Fe reduction 0.75 kWhe/kgre [41] 414 €/(tpe/a) [571 12.4 €/tge/a [571] 40 a [57] 54.1 kgua/tre
0.41 kWhg,/kgre
Fe/Al storage (silos) - 446 $/m° [52] 2 %/a 40 a -
Alumina smelting 10.64 kWhei/kga [51] 3,880 $/(ta/a) [51] 56 €/tar/a [51] 20 a [51] -
Air separation 0.25 kWhe)/kgn2 [29] 10,942 €/GWg [29] 4 %/a [29] 20 a [29] —
Haber-Bosch synthesis 1.5 kWhe/kgnus [6] 714 $/kWnn3 [6] 4 %/a [6] 25a [6] 0.18 kgna/kgnns
0.82 kgna/kgnns
NHj; storage — 0.9 €/kgnus [58] 5 %/a [58] 30a [58] -
Direct air capture 0.32 kWhe/kgcoz [43] 6,624 €/(kgcoz/h) [43] 4.95 %/a [59] 25a [59] —
2.00 kWhn/kgco2
Point source capture 0.03 kWhe1/kgcoz [59] 2,500 €/(kgcoa/h) [59] 3 %/a [59] 25a [59] —
0.85 kWhy/kgcoz
MeOH synthesis 0.1 kWhei/kgmeon [60] 1,090 €/kWyeon [60] 30 €/kWyeon/a [60] 30a [60] 0.2 kgu2/kgmeon
1.37 kgcoza/kgmeon
MeOH storage — 42 €/MWhyeon [43] 2 %/a [28] 30a [28] -
CH, synthesis 0.18 kWhe1/kgcua [3] 735 $/kWcpaq [3] 4 %/a [3] 30a [3] 0.5 kgno/kgcua
2.74 kgcoz/kgcua
CH4 liquefaction 0.5 kWhei/kgcua [29] 740 €/kWcua [29] 3.5 %/a [29] 25a [29] -
CHy4 storage Boil-off reliq. 611.59 €/m° [29] 2 %/a [29] 20 a [29] Boil-off: 0.076 %/d [61]

expected by 2030 [50,51]. Energy demands for the re-liquefaction of
methane and hydrogen storage boil-offs are assumed to be equivalent to
the initial liquefaction process, while the liquefaction of ammonia is
integrated into the synthesis process. While heat demands are included
for DAC, PSC and iron reduction, it is assumed that the pre-heating re-
quirements of certain exothermic synthesis processes (e.g., Haber-
Bosch) are met through internal heat recovery within the respective
process. For iron reduction, techno-economic parameters are adopted
from the shaft furnace direct reduction with hydrogen, including sub-
sequent fusing in an electric arc furnace to facilitate atomization of lump
iron to fine iron powders (cf. Appendix Al). It is anticipated that
alternative reduction processes would be implemented if iron is to be
utilized as an EC. These advanced routes are promising as they could
circumvent the energy-intensive fusing step by maintaining particle size,
potentially lowering energy and capital costs significantly. However, at
present, techno-economic parameters are not sufficiently published.
Carbon steel silos are assumed for storage of aluminum and iron to
prevent unwanted re-oxidation. The investment costs are determined
based on [52] and updated using a recent (2024) chemical engineering
plant cost index (CEPCI).

Specific shipping costs in the year 2030 for hydrogen, ammonia,
methanol and methane are taken from a recent review article [53]. For
iron and aluminum, assuming a stable landscape in bulk shipping
without significant developments that would lead to notable changes in
associated costs, transport costs are calculated using a 15,000 €/day
time charter rate for a dry bulker with 64,000 tons capacity [54]. Bulk
cargoes are carried in multiple sealed cargo holds. An average ship speed
of 24 km/h is assumed (13 knots) [55]. Considering the increase in mass
for the return journey of the oxidized metals (6p. = 1.43,54 = 1.89),
shipping costs of 0.05 €/(GWh - km) and 0.2 €/(GWh - km) are projected
for aluminum and iron, respectively.

2.5. Sensitivity analyses

Two different forms of sensitivity analysis are conducted to identify
key sub-processes and parameters. First, the sensitivity of energy supply
costs to variations in individual input parameters is examined through
local sensitivity analysis. Additionally, Monte Carlo simulations are
implemented to investigate sensitivity towards variations in multiple
input parameters simultaneously by randomly generating values for

these input parameters from pre-defined probability distributions. The
probability distributions for each examined input parameter are pre-
sented in Table 5. Uniform distributions are employed for location-
specific parameters. For instance, in the context of various energy
export locations, there exists a range of possible electricity costs and
transport distances, and no particular value is deemed “more plausible”
than another. Renewable electricity costs CORE and full load hours,
represented by the capacity factor CF,, span a range from excellent PV
to average wind electricity generation sites [36]. Hybrid electricity costs
COHE reflect the range of electricity supply costs from hybrid battery
storage systems [37,38], as well as backup grid power supply in po-
tential energy-exporting countries [28], and determine heat costs COPH
as described above. Transport distances dy cover the entire spectrum of
economic EC shipping along global trade routes [5]. Ranges for storage
durations and baseload process capacity factors are selected in discre-
tion of the authors.

On the other hand, process-specific electricity and heat demands and

Table 5
Probability distribution of examined input parameters in the Monte Carlo ana-
lyses. Categorization in normal (N) or uniform (U) distribution.

Input parameter Range

Renewable electricity costs CORE U 20-60 €/MWhy;
Hybrid electricity costs COHE 0) 60-180 €/MWh,;
Capacity factor fluct. processes CFpyc 0] 20-55 %
Capacity factor baseload processes CFonst U 85-95 %

Final product storage duration tstoreprod U 2-30 days
Hydrogen buffer storage duration tstoreppys U 1-5 days
Transport distance dirq U 5.000-25.000 km

Specific investment costs icy N
Low uncertainty 6 = 10 % of base

case

6 = 50 % of base

case

u = base case,

High uncertainty

Specific electricity demands €elk N u = base case,
Specific heat demands Cheatk N o6 = 10 % of base case
Ship transport costs TRC N u = base case,

6 = 10 % of base
case
6 = 50 % of base
case

Low uncertainty

High uncertainty
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investment costs for electrolysis, ASU, DAC, PSC, reduction, syntheses,
liquefaction and storage plants, as well as ship transport costs, are
modeled as normal distributions.” The expected value y of the distri-
butions is aligned with the base scenario value, representing an
approximate average obtained from thorough analyses of recent litera-
ture. The standard deviation ¢ is selected as 10 % of it for all energy
demands. Given that a normal distribution has 95.4 % of values falling
within the interval of +/- two ¢ from p, this choice allows for the
analysis of input parameters within a range of +/-20 % around base
scenario values, a range consistent with the majority of literature values.
However, for investment costs, we distinguish between processes with
higher and lower uncertainty in the development of plant investment
costs until 2030. Higher investment cost uncertainty is modeled with a ¢
of 50 % for electrolysis, DAC, iron reduction (due to the potential for
implementing alternative methods, such as flash iron making or fluid-
ized bed processes), alumina reduction (owing to the low technology
readiness of inert anode technology), hydrogen liquefaction, and liquid
hydrogen storage. A lower ¢ of 10 % is assigned to the 2030 investment
costs of more established processes, namely ASU, PSC, ammonia syn-
thesis, methanol synthesis, methane synthesis, methane liquefaction,
and the storages for iron, aluminum, pressurized hydrogen, ammonia,
methanol, and liquid methane.

Similarly, we model ship transport of liquid hydrogen with a ¢ of 50
% due to its low technology readiness, whereas transport of all other ECs
is assigned a ¢ of 10 %, as these can draw on established maritime
transport chains [53].

Parameters are assumed to be independent within the Monte Carlo
simulations, however, in reality, interrelations may exist (e.g., avail-
ability and costs of fluctuating electricity).

3. Results and discussion

First, the composition of energy supply costs for the ECs in the base
scenario are analyzed. To enhance the understanding of the systems
behavior under varying conditions, findings from detailed sensitivity
analyses are presented. Local sensitivity analyses are first undertaken to
identify critical parameters within each energy supply chain. Through
this approach, the impact of individual variables on the system’s per-
formance is quantitatively assessed. Furthermore, comprehensive global
sensitivity analyses are conducted to explore the responsiveness of the
system to simultaneous variations in several input parameters, thereby
identifying a distribution of supply costs for the different ECs.

Fig. 2 shows the results of the supply cost analysis for all six inves-
tigated ECs in the base scenario. The energy supply costs for the
importing country in the year 2030 range from 162 €/MWh for
aluminum to 206 €/MWh for methane with CO, from DAC. The iron
energy supply chain results in 179 €/MWh, methane with PSC in 178
€/MWh, and methanol in 170 €/MWh and 204 €/MWh with PSC and
DAC, respectively. Hydrogen and ammonia both exhibit costs of 188
€/MWh.

In terms of the composition of total costs, aluminum stands out as
98.7 % of costs are related to the reduction/smelting step. The Hall-
Héroult process is powered by electricity and doesn’t require any in-
termediate products. Also, due to the easy handling as a solid bulk
material, storage and shipping costs are negligible.

Storage costs of the final product are minor for all ECs for the
considered storage duration of 14 days, with the highest costs observed
for liquid hydrogen storage at 2.4 €/MWh or 1.3 % of total supply costs.
Transport costs are more significant, comprising 13.0 % of total supply

4 We exclude the PSC-based production of methanol and methane from the
global sensitivity analyses in Fig. 5, as the resulting histograms with eight data
series become overly complex, compromising legibility. However, we added the
corresponding results for PSC-based methanol and methane production in Ap-
pendix A3.
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costs for hydrogen, and between 1.3 % and 4.9 % for the other ECs. The
comparatively high cost projections for hydrogen storage and trans-
portation are primarily related to the exceptionally low boiling point at
—253 °C and the current lack of utility scale infrastructures. The same
factors explain why liquefaction accounts for a significant 25.8 % of
hydrogen supply costs.

For all ECs except aluminum, hydrogen production dominates supply
costs, constituting a share between 47.7 and 69.1 %. Intermediate
pressurized hydrogen storage contributes significantly to total costs with
a share between 7.4 and 10.7 %. Compared to nitrogen costs for
ammonia synthesis (9.9 €/MWh) and PSC for methanol and methane
(16.0 €/MWh and 13.1 €/MWh, respectively), costs associated with DAC
are understandably much higher with 50.0 €/MWh for methanol and
41.0 €/MWh for methane due to the lower concentration of carbon di-
oxide in air, as well as the limited technology readiness of DAC, whereas
air separation and PSC are well-established processes. Appendix A2
presents a breakdown of the base scenario’s energy supply costs into
investment-related (IRC), operation-related (ORC), energy-related
(ERQ), and transport costs (TRC).

To validate our model, it is essential to compare its cost projections
with those reported in the existing literature. However, this is chal-
lenging for aluminum and iron, as publications that examine the use of
metal fuels from an economic perspective are sparse. In the 2024 vision
document of Metalot, a network organization dedicated to the research
in metal fuels, energy supply costs of iron are compared with those of
hydrogen and its derivatives. Notably, their cost projections for iron are
comparatively low at 120 €/MWh, but they fall within their cost range of
ammonia and methanol [62]. The energy supply costs for aluminum
reported by Boudreau et al. are slightly higher than those in our base
case, primarily due to the choice of a higher specific electricity con-
sumption for the Hall-Héroult process [25].

However, a validation of our model results for hydrogen and its
derivatives is possible due to an extensive and active research landscape
with numerous recent publications. To validate our results against cur-
rent literature, three country cases — Australia, Namibia and the US —
are investigated. Four key parameters are modified in these country
cases based on recently published country-specific data for 2030. These
parameters are CORE, derived from the 2030 PV electricity generation
costs presented by Kleinschmitt et al. [36] (Fig. 3, page 12) as well as
transport distances to Germany, discount rate and COHE based on
Moritz et al. [6], as shown in Table 6. While the original source provides
wholesale electricity price projections in $/MWh, we adopted the same
values in €/MWh for our calculations, as projecting future exchange
rates introduces significant uncertainties. Since the study by Moritz et al.
[6], against which we compare our supply costs, models DAC-based CO4
supply for methanol and methane production, we have only included
these scenarios in our model validation, excluding those involving PSC.

Comparing the results from our country cases shown in Fig. 3 with
those of Moritz et al. for supply costs in 2030 (Fig. 6 in their publica-
tion), we observe that our results align well with their ranges for
hydrogen (120-180 €/MWh), ammonia (150-180 €/MWh), methanol
(160-210 €/MWh) and methane (160-200 €/MWh). Another recent
study by Hank et al. on supply costs of hydrogen-based ECs for the year
2030 also examines Australia and Namibia as production countries with
imports to Germany for hydrogen, ammonia and methanol [28]. They
report significantly higher supply costs compared to Moritz et al.,
ranging from 217 to 270 €/MWh for liquid hydrogen, 173-213 €/MWh
for ammonia and 192-240 €/MWh for methanol (Fig. 6-3 in their pub-
lication). This highlights the substantial uncertainty surrounding future
costs of supply chains for renewable synthetic ECs.

A local sensitivity analysis is conducted to assess the sensitivity of
supply costs to individual input parameters. The parameters selected for
this analysis include those listed in Table 3 (note that heat supply costs
depend on electricity supply costs, as described in Section 2.4), as well as
energy demands and investment costs from Table 4. Operational costs
and the lifetime of process equipment were excluded for conciseness,
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Fig. 3. Results from the country cases used for model validation.

Table 6
Input parameters modified in the country cases, based on [6,36].
CORE[€/MWhg] Distance Discount COHE[€/MWhg]
[km] rate [%]
“Australia” 25 21,000 6 64
“Namibia” 17 10,720 8 144
“us” 25 8,320 6 28

given their minor impact on supply costs.

While keeping all other parameters constant, single parameters are
varied by + 20 % from the base scenario values, except for the capacity
factors, which are decreased by 20 %. The results shown in Fig. 4 mark
the influence of each parameter variation on energy supply costs.

The findings underline the critical role of electricity costs for the
economic attractiveness of all ECs, as a combined 20 % increase in both
fluctuating (CORE) and constant electricity supply costs (COHE) results
in an energy supply cost increase greater than 9 % for all ECs. For all
non-metallic ECs, an increase in CORE has a greater impact than an
increase in COHE, as baseload synthesis, liquefaction and precursor
production processes consume significantly less energy compared to
intermittent hydrogen production. In contrast, the supply chains of iron
and aluminum involve baseload processes with substantial electricity
demands, making them more sensitive to increased COHE.

The analysis further highlights the crucial role of future de-

velopments in electrolyzer technology. For all ECs (except aluminum,
which does not include hydrogen production in its supply chain), a 20 %
increase in the electrolyzer’s specific electricity demand has a substan-
tially greater impact on supply costs than increased electricity or heat
demands in the respective reduction, synthesis or liquefaction plants, or
the DAC/PSC/ASU processes. A 20 % rise in electricity demand of the
electrolyzer has a slightly smaller effect to a 20 % increase in CORE, as
fluctuating electricity does not only power the electrolyzer, but also the
hydrogen compressors. Also in terms of sensitivity to investment costs,
the electrolyzer plays a more prominent role compared to other plants.
Only the sensitivities of investment costs for hydrogen liquefaction and
the alumina smelter show comparable effects on supply costs.

The local sensitivity analysis reveals that aluminum is sensitive to
fewer parameters, but the sensitivity to these parameters is considerably
stronger compared to the other ECs.

To investigate sensitivity to variations in multiple input parameters
simultaneously, Monte Carlo simulations are executed. These simula-
tions generate a spectrum of possible supply costs for the ECs illustrated
in Fig. 5, based on uncertainty ranges as specified in Table 5.

The upper histogram includes only the normal distributions for
transport costs, electricity and heat demands, and specific investment
costs for all processes (electrolysis, ASU, DAC, reductions, syntheses,
liquefaction and storage). Consequently, the expected value (u) corre-
sponds to the deterministic base scenario solutions (cf. Fig. 2). In the
lower histogram, in addition to the normal distributions, uniform
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Fig. 4. Results from the local sensitivity analysis. Investigated is the impact of a 20 % increase in each respective parameter, except for the capacity factors (CF),
which are decreased by 20 %. Abbreviations: ic: investment costs, ed: electricity demand, hd: heat demand; red.: reduction, synth. Synthesis, liq.: Liquefaction.
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distributions are applied for cross-process parameters (CORE, COHE,
dira, tStOTprod, ttOTHopuf, CFronst; CFayc) With individual parameter ranges,
cf. Table 5. Total energy supply costs to the importing country are on the
x-axis, divided into 200 equally sized intervals between 100 and 300
€/MWh. The y-axis is interpretable as the frequency (or probability) of
cost values per interval, with the constant width of the intervals as
proportionality factor. The total number of simulations amounts to one
million for both the scenario yielding the upper and the lower histo-
gram. While Fig. 5 presents DAC-based methanol and methane pro-
duction, the results for PSC-based production are provided in Appendix
A3, Fig. 7, to improve histogram readability.

In the upper histogram, where only process-specific techno-eco-
nomic parameters are varied with a fixed relative uncertainty, the cost
distribution curves for iron and aluminum cluster at the lower end of the
spectrum, indicating both lower average supply costs and smaller un-
certainty bands. This resilience arises because their supply chains
depend on fewer capital-intensive steps: aluminum hinges almost
entirely on the smelting process, while iron requires only hydrogen-
based direct reduction and electrolysis. In contrast, the hydrogen,
ammonia, methanol, and methane pathways involve several additional
stages (e.g., air separation, cryogenic liquefaction, DAC), each of which
introduces further uncertainty — consistent with the findings of the local
sensitivity analysis (cf. Fig. 4). The narrower supply cost distributions
for iron and aluminum imply more predictable supply costs, which, from
an economic perspective, could be advantageous for long-term strategic
planning and investment decisions.

However, the superiority of the metals weakens in the lower histo-
gram, which additionally incorporates uniform distributions for cross-
process, location-specific parameters like the costs of electricity sup-
ply, transport distances, and storage durations as specified in Table 5.
The distribution of supply costs is wider for all ECs, and expected values
experience an increase as the means of the applied uniform distributions
are higher for certain parameters than the values from the base case,
which were utilized in Fig. 5 a). Both the expected values p and the
standard deviations ¢ of iron and aluminum converge to those of the
other ECs. While iron maintains a comparatively low expected value and

cific investment costs and b) additional process parameters.

standard deviation of supply costs, reaffirming its attractiveness under
the conditions of this study, aluminum exhibits the most significant
spread in its cost distribution, standing out as the only EC without a clear
peak. The uniform distribution set for hybrid electricity costs COHE
overlays the cumulative effects from the normal distributions set for
investment costs and energy demands. The significant dependence on
electricity costs for aluminum is also apparent in the local sensitivity
analysis (cf. Fig. 4), as well as in Fig. 6 in Appendix A2, which shows that
for aluminum, energy-related costs account for a much higher share —
76 % of total supply costs — compared to the other ECs. This highlights
the substantial dependence of aluminum’s economic competitiveness on
the availability of cheap electricity.

It is important to point out that, due to the underlying methodology,
the peaks of the distributions in Fig. 5 do not inherently signify the most
probable costs for importing ECs in the future. Location-specific attri-
butes, such as costs for electricity or heat and transport distances, are
specific base scenario values in Fig. 5 a) and uniform distributions in
Fig. 5 b), but without an indication of the anticipated volumes of EC
production at an export site. Hence, the peaks reflect probabilities
related to specific investment costs, electricity and heat demands of
future processes, which are modeled in the input parameter set as
normal distributions. However, the analysis ranks the degree of uncer-
tainty associated with each respective energy carrier, providing
decision-makers with insights to select supply chains that are both cost-
effective and predictable.

4. Limitations and future work

It is important to recognize the limitations inherent to this assess-
ment. The reliability of the results depends on the accuracy of the input
parameters and the underlying assumptions, including the distributions
used in the Monte Carlo simulations. To enhance the robustness of these
results, further research is needed to refine data on processes that are in
many cases not available on larger scale yet (e.g., Hall-Héroult process
with inert anodes, hydrogen-based iron reduction, methane synthesis,
DAG, liquid hydrogen shipping and storage).
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The parameters for iron reduction are based on the shaft furnace
direct reduction process using hydrogen which is being developed in the
steel industry. This is followed by iron powder production through
fusing in an electric arc furnace and atomizing the melt into fine iron
powders. The atomization step is neglected in this analysis due to its
negligible energy demand, approximately 1 % of the iron reduction
process [63]. The shaft furnace reduction concept was chosen due to the
lack of techno-economic data on innovative reduction processes, such as
fluidized bed reactors or flash ironmaking, which are investigated for
using iron powder as a fuel [30,63]. These processes are promising as the
particle size remains constant during reduction, eliminating the need for
melting in an electric arc furnace for atomization. This reduces capital
and energy requirements and has the potential to further improve the
competitiveness of iron.

Also, uncertainties arise with regard to the handling of ECs between
supply chain steps, which could result in additional costs, e.g., measures
to prevent the re-oxidation of metals or the boil-off of hydrogen and
methane. Such efforts will bolster accuracy, fortifying the strategic in-
sights derived from this analysis to provide guidance for energy policy
and investment decisions towards sustainable and economically viable
solutions.

The analyses refer to the year 2030 and do not allow for conclusions
to be drawn for later time horizons, when relative economic attrac-
tiveness could change as, e.g., specific investment costs or energy de-
mands for respective processes evolve differently.

An inclusion of energy usage can also impact the attractiveness of
individual ECs. The versatility of ECs with regard to potential applica-
tions, coupled with divergent efficiencies in the conversion of final en-
ergy to end-use applications and opportunities for infrastructure re-use,
holds the potential to improve the evaluation of ECs with higher energy
supply costs. For instance, incorporating use cases could enhance the
appeal of methane due to its compatibility with existing infrastructure
and applications.

Subsequent research endeavors could also explore particular com-
binations of energy export and import sites, considering factors such as
local renewable energy potential, the location-specific cost of capital,
and transport infrastructures. While our model addresses the interplay
between the time-dependent availability of energy supply and subse-
quent continuous processes by incorporating storages, the absence of a
temporal dimension in modeling energy supply chains neglects further
time-dependent effects, including storage fill levels, infrastructure oc-
cupancy and expansion, discontinuous ship traffic, and dynamic port
operations.

The aforementioned aspects — consideration of EC utilization, spec-
ification of energy importers, exporters and trade routes, and temporal
resolution — can be addressed by energy system modeling, which our
presented analysis lays the foundation for. Comprehensive, spatially and
temporally resolved global-scale energy system models enable the
assessment of the potential role of each EC within an integrated energy
system. By considering various complex interdependencies, these
models facilitate the determination of an optimal technology mix for the
global energy transition.

5. Conclusion

Global trade of synthetic ECs will play an important role in future
energy systems. In this context, this study presents an economic analysis
of hydrogen and its derivatives ammonia, methane, and methanol, as
well as, for the first time, the two metals iron and aluminum, as sec-
ondary ECs for long-distance transport of renewable energy. A detailed
techno-economic analysis of each EC and its corresponding energy
supply chain is presented, including upstream processes (air separation
and direct air capture), reduction and synthesis, and downstream pro-
cesses (liquefaction, storage, maritime transport). The ECs are compared
based on the costs of energy supply to an importing location, with 2030
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as the reference year. The deterministic assessments for a base scenario
are complemented by detailed local sensitivity analyses to identify
crucial sub-processes and parameters, as well as Monte Carlo simula-
tions to reveal the variability and risk profiles associated with each EC.

Aluminum and iron score well in the context of transportation and
storage due to their inherent properties as solids. Aluminum emerges as
the option with the lowest energy supply costs across a wide range of
parameter settings; however, it also demonstrates an outstanding de-
pendency on electricity costs. Iron demonstrates supply costs competi-
tive with hydrogen and derivatives, and a low sensitivity to variations in
key parameters. The wider supply cost distributions of aluminum could
imply a riskier profile for aluminum as compared to iron; however, such
a spread also indicates great potential for cost reduction if the influ-
encing factors (e.g., electricity demand of the Hall-Héroult process) are
managed effectively. In our analysis, ammonia and hydrogen exhibit
supply costs comparable to those of iron, whereas methanol and
methane imply higher costs. The supply costs for liquid hydrogen,
methanol, methane, and ammonia were cross-validated with current
literature. The findings from the sensitivity analyses also underscore the
critical role of advancements in electrolyzer technology and the avail-
ability of cheap renewable electricity in enhancing the attractiveness of
synthetic ECs.

In conclusion, this study provides a comprehensive comparison of
energy carriers for long-distance energy supply, emphasizing the
viability of the metal fuels iron and aluminum compared to hydrogen
and hydrogen derivatives.
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Appendix Al

Short profiles of ECs.

Aluminum (Al). The global production of primary aluminum reached 69 Mt in 2022 [64] while international trade of unwrought aluminum and
aluminum alloys amounted to 28 Mt in 2021 [65]. The predominant method for converting alumina (Al;03) into aluminum metal is the Hall-Héroult
process with a global average specific energy consumption of 14.1 kWh/kga) in 2022 [66]. This process involves the electrolysis of a heated, molten
alumina mixture at temperatures near 1,000 °C. A central component of this process, the carbon anodes, are consumed during the electrolysis in the
Hall-Héroult cell [67]. A noteworthy advancement is the ongoing development of inert anode technology, which is approaching commercialization
stage. This technological breakthrough promises substantial reductions in greenhouse gas emissions and energy savings [25,50], and it will reach a
key milestone with a ten-pot, 100 kA demonstration plant at Rio Tinto’s Arvida smelter in Québec, where first production is targeted for 2027 [68].
Progress is further illustrated by RUSAL’s successful start-up of the first full-size inert-anode cell in November 2024 [69], lending confidence to
expectations of wider market penetration from the late-2020 s into the early 2030 s [51].

To use aluminum as a zero-carbon fuel, energy can be released by combustion with air [34,70] or in a water oxidation mode [34,71], the latter
yielding both heat and hydrogen.

Upon exposure to air, aluminum reacts immediately with oxygen, forming a protective aluminum oxide layer approximately two nanometers thick
[72]. This thin oxide layer acts as a barrier, preventing further oxidation of the underlying metal [72], thereby facilitating the safe transport and
storage of aluminum.

Ammonia (NH3). Ammonia is a widely produced (150 Mt in 2022 [64]) and globally traded chemical (17.4 Mt in 2022 [73]). The production
process involves reacting hydrogen with nitrogen (N5) in the exogenous Haber Bosch synthesis [74] at elevated pressures (120-220 bar) and tem-
peratures (400-450 °C):

N, +3H,—»2NH; AHz = —92.44kJmole! (A1)

While ammonia is predominantly produced from fossil fuels today, the production can be decarbonized by utilizing renewable energy for all sub-
processes (i.e., hydrogen production, air separation, auxiliary energy) [74]. Beyond its current industrial use, mainly as a feedstock in fertilizer
production [73], extensive experience and existing regulatory frameworks for its synthesis, transport, and usage have increased interest in ammonia as
a secondary EC. Ammonia is a toxic and corrosive gas, but a substantial benefit, relative to methane and hydrogen, lies in its lower energy demands for
liquefaction, owing to a much higher boiling point at -33 °C. Direct combustion of ammonia results in significant NOyx emissions, two orders of
magnitude greater than natural gas combustion [75]. However, ongoing research and the development of advanced combustion systems have the
potential in substantially reducing these emissions [75]. Additionally, the release of nitrous oxide (N30), a greenhouse gas and contributor to ozone
layer depletion, determines whether green ammonia combustion can be considered climate friendly [76]. Alternatively, ammonia may undergo a
cracking process to recover hydrogen and nitrogen; however, this entails considerable additional costs [58].

Hydrogen (Hy). The utilization of hydrogen as a zero-carbon energy carrier is considered fundamental in driving the energy transition due to its
versatility and ease of production, as reflected by corporate and political strategies worldwide [77,78]. In 2022, global hydrogen production reached
95 Mt, primarily sourced from fossil fuels by steam reforming and coal gasification [79] for non-energetic use in fertilizer production and refining.
Water electrolysis accounted for only 0.1 % of total hydrogen production [79]. However, a large number of electrolysis projects have been announced
with the aim to produce in sum over 28 Mt of hydrogen by 2030 [79].

An inherent limitation of hydrogen is its low energy density per unit volume. For transportation over short to medium distances, the use of new or
repurposed pipelines is the means of choice [80]. For longer distances, liquefying hydrogen or converting it to derivatives for maritime transport
emerges as a more economically favorable option [80]. For the liquefaction step, existing commercial processes exhibit a specific energy consumption
(SEC) that spans from 11.9 to 15 kWh per kg of hydrogen which translates into 35-45 % of the energy content and liquefaction costs of 2.5-3 $ per kg
[81] owing to the very low boiling point at —253 °C. Specific liquefaction costs of around 1-2 $ per kg and energy requirements of 6-8 kWh per kg of
hydrogen are anticipated for the near future with rising capacities [81]. However, large-scale liquid hydrogen (LHy) vessels have not yet been realized.
Their storage tanks would need to be approximately two orders of magnitude larger than the biggest existing LH; tanks. Globally, only a few utility-
scale LH, storage facilities exist, the largest operational tank having a capacity of 3,200 m® and a 4,700 m® tank under construction, both managed by
NASA [82]. The first and only LH, vessel in service is the Suiso Frontier, a diesel-powered pilot ship with a cargo capacity of 1,250 m> [83]. Large-scale
liquid hydrogen shipping is considered feasible, but there are widely varying presumptions of prospective shipping costs [53].

Iron (Fe). The exploration of iron as an EC has gathered increasing interest, particularly following the pioneering research by Bergthorson et al.
[7,14,84]. Its attractiveness lies in the feasibility of a carbon-free circular energy economy: energy is released by the oxidation of fine iron powders,
producing heat that can be used in high-temperature applications or converted into electricity in retrofitted coal-fired power plants [20]. The
emerging iron oxides can then be captured and recycled using renewable energy. The following Eq. (A.2) represents the thermochemical reduction
reaction between (renewable) hydrogen and iron oxide (hematite, Fe;O3) as the energy storage step:

Fe,03 + 3H,—2Fe + 3H,0 AHy = 98.77kJ mole™! (A.2)

An advantage lies in the synergies with the iron and steel industry. Firstly, given a global iron ore production of 2,600 Mt in 2022 [64], production
capacities are available on vast scale, rendering the production of additional iron for use as an EC non-critical [19]. Secondly, the iron and steel
industry accounts for 7-9 % of global greenhouse gas emissions [85] and hence is also investigating hydrogen-based direct reduction processes for
decarbonization [67,86]. For the steel industry, shaft furnace concepts are the most promising in the near future mainly due to maturity of the
technology [87]. However, with regard to the specific requirements of using iron as an EC, there is a strategic advantage, both energetically and
economically, in opting for reduction and oxidation processes that are compatible in terms of particle sizes. Implementing fluidized bed or flash
ironmaking for the reduction step avoids additional process steps to adjust particle sizes. However, it is important to note that these approaches are
still in the research phase.

Methanol (MeOH). Methanol, a flammable alcohol, is liquid at ambient conditions. With an approximate global annual production of around 80 Mt
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it serves as a feedstock for the synthesis of many chemicals and is also in use as a fuel or fuel blending. It is mainly produced by hydrogenation of
natural gas-based carbon monoxide at high pressures (50-100 bar) and 200-300 °C:

CO +2H, - CH;0H AHyz = —91.8kJmole ™ (A.3)

The production of renewable methanol includes water electrolysis and carbon capture, followed by endothermic reverse water—gas shift reaction to
convert carbon dioxide into carbon monoxide:

CO, +H,—»CO+H,0 AHg = +41.2kJmole! (A.4)

The carbon dioxide for methanol synthesis can be captured from point sources (PSC) such as fossil fuel power plants or cement factories, or via direct
air capture (DAC), involving large fans drawing ambient air over a chemical sorbent, either liquid or solid, and subsequent heating to separate the CO,.
Pricing DAC is challenging due to its early stage, with current costs ranging between $264 and $1,000 per ton of CO5 [88]. Experts anticipate that
future DAC costs might decrease to levels below $200 per ton of CO; [88].

Possible applications encompass the direct use of renewable methanol in internal combustion engines (with growing interest from the shipping
industry), as well as in fuel cells or turbines [43]. Noteworthy advantages include the potential re-use of mineral oil infrastructures and the absence of
sulfur oxides (SOy), particulate matter (PM), and comparatively low nitrogen oxides (NOy) emissions during combustion.

Synthetic Methane (CHy4). The existence of vast infrastructure and applications for natural gas offers a streamlined transition to using synthetic

methane produced from renewable energy. The methanation, or Sabatier process, involves reacting carbon dioxide with hydrogen to produce methane
and water at 1-5 bar and 300-450 °C:

CO, +4H,0 - CH; + 2H,0 AHz = —164.9kJmole! (A.5)

Preceding the methanation, the production of renewable methane involves water electrolysis and carbon capture as described for methanol.
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Fig. 6. Breakdown of the base scenario’s energy supply costs into investment-related (IRC), operation-related (ORC), energy-related (ERC), and transport
costs (TRC).
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All used data is provided in the manuscript.
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