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Potential of Aluminum as a Metal Fuel for Supporting EU
Long-Term Energy Storage Needs

Linda Barelli,* Lorenzo Trombetti, Shuting Zhang, Hüseyin Ersoy, Manuel Baumann,
and Stefano Passerini*

The EU’s energy transition necessitates availability of green energy carriers
with high volumetric energy densities for long-term energy storage (ES)
needs. A fully decarbonized scenario considering renewable energy availability
is analyzed underpinning the need for such carriers. Considering the
shortcomings of Power-to-X technologies in terms of efficiency and low
volumetric density, Aluminum (Al) is identified as a potential alternative
showing significantly high volumetric energy densities (23.5 kWh L−1). In this
paper, an Al-based long-term ES concept is investigated, taking advantage of
the inherent recycling of the active species (i.e., Al2O3 to Al) coupling
decarbonized Hall–Héroult process with an Al-steam oxidation for
simultaneous hydrogen (H2) and heat generation. This work demonstrates an
innovative lab-scale fine Al powder-steam oxidation process at ≈900 °C
without use of catalysts or additives, exploiting alumina as inert material.
Conducted SEM-EDX analysis on oxidized Al provides supporting evidence in
favor of employed oxidation pathway, hindering tendency of aluminum oxide
(Al2O3) clumping and enabling direct use of oxides in the smelting process for
fully recyclability. Moreover, outcomes of XRD analyses are presented to
validate the measured total H2 yields.

1. Introduction

Long term energy storage (ES) to cope with the demand due
to fluctuating behavior and seasonal variation of renewables
is still a major challenge in frame of the energy transition.
In line with this, H2 is currently considered as one of the
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most promising energy carrier and stor-
age medium to ensuring the availability
of decarbonized energy supply on longer
periods.[1] Furthermore, considering the
required acceleration on implementation
and adoption of green energy carriers for
decarbonization of energy-intensive in-
dustry and long-distance transportation,
availability of decarbonized/low-carbon
H2 still poses technological and sup-
ply chain related challenges. Improved
conversion efficiency of electrolyzer and
fuel cell technologies is a motivating as-
pect. Nevertheless, a significant amount
of energy is lost during H2 production
and compression or liquefaction pro-
cess. If the produced H2 is converted
into more volumetrically dense energy
carriers such as ammonia, it provides
improved techno-economics for trans-
portation, but it needs to be cracked to
H2 gas requiring repetition of compres-
sion and liquefaction steps. This is also
the case of methanol used as hydrogen

carrier, which results in efficiency reduction of 12% with re-
spect to compressed hydrogen (70 bar), in the power-to-power
application employing a reversible solid oxide device.[2] An even
greater efficiency reduction, resulting in 26.5% Round-Trip Effi-
ciency (RTE), is foreseen if the required CO2 is provided by di-
rect air capture systems. Moreover, safety issues must be faced.
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Considering all these energy-intensive process steps overall
conversion efficiency declines further if H2 is used for re-
electrification showing 20–30% RTEs.[3] Supply chain related
challenges are mainly associated with its transport and storage
through supply chain as indicated in the IEA’s “Global Hydrogen
Review 2023”.[4] Marine transportation and projected pipelines il-
lustrate the main strategies for transportation and distribution
of H2 in Europe, however, storage of H2 for bulk and long-
term(duration) ES applications appears to be feasible only using
underground storage, posing geographical constraints.[5] Use of
existing natural gas storage infrastructure for H2 storage is an-
other consideration, nonetheless, available capacity by 2050 cor-
responds only to 10–25% of the needed H2 according to IEA’s Net
Zero Emission (NZE) scenario.[6] Reflecting on advantages and
disadvantages of H2 as a green energy carrier, diversifying alter-
native energy carriers can be perceived as a complementary solu-
tion considering the required acceleration on decarbonization to
stay in the limits of earth’s carbon budget. Therefore, emerging
concepts using metals as energy carriers for long-term(duration)
energy storage demonstrate features to solve the challenges re-
garding volumetric energy density, material availability, ease of
storage and transportation, as well as low cost and integration
with industrial processes.[7,8]

Several reactive metals have been recently proposed by the
authors,[2,9,10] highlighting Al, which is non-critical, non-toxic,
and widely available, offering volumetric energy density of
23.5 kWh L−1, RTEs competitive or even higher than H2-
based storage applications using low temperature electrolysis
and fuel cells, and a fully circular process.[2] Model-based re-
sults show promising techno-economic feasibility and poten-
tially improved environmental sustainability performance,[11–13]

However, the absence of experimental demonstrations was
previously identified as a research gap for such emerging
concepts.

Specifically, while aluminum storage is inherently safe, ease
to handle and it exhibits very high volumetric energy density, its
conversion into hydrogen according to conventional processes
presents some issues with respect to circularity and continuity
of the process. As further detailed in Section 2, water oxidation
needs additives (e.g., alkaline compounds) to promote the H2
generation reaction. These additives could affect alumina reduc-
tion to aluminum in the Hall–Héroult process, unless additional
treatments (e.g., water rinsing and subsequent calcination) are
performed. On the other hand, steam combustion at tempera-
tures above 1600 °C is affected by clogging issues generated by
Al2O3 clumping. Thus, following the preliminary experimental
demonstration of the process at intermediate temperatures (600–
900 °C),[9] the feasibility of the process without technical imped-
iments (clogging of the rector) and enabling the direct recycling
of the produced Al2O3 in the Hall–Héroult process is a must be
condition.

Accordingly, the flameless Al-steam oxidation process is ex-
perimentally assessed, aiming to address technical aspects be-
yond theoretical potential. As a novelty, this study presents the
first experimental results proving feasible use of Al2O3 as inert
material in the flameless Al-steam oxidation process at ≈900 °C.
Such inert material prevents reactor clogging while enabling the
fully recycling of produced powder in the Al smelting process
without any preliminary treatment. The results provide support-

ing arguments about suitability of such a concept for continu-
ous operating condition of a full-scale, fluidized-bed reactor, al-
lowing to reduce of 2 orders of magnitude the required stor-
age volume with respect to the case of underground H2 stor-
age. This outcome potentially contributes to solve H2 storage is-
sues and to expand green H2 use in new applications, consid-
ering simultaneous H2 and heat generation through steam Al
oxidation. Finally, to assess the potential implementation scale
of the proposed concept, the present study provides a quan-
titative assessment of the EU long-term storage capacity re-
quirement for seasonal ES in the NZE scenario, as well as the
impact of carriers’ volumetric energy density on the required
storage volume, assessing the benefit provided by aluminum
exploitation.

2. Background: Aluminium-Steam Oxidation for
Medium- and Long-Term Energy Storage

Herein, a circular seasonal ES concept is introduced employ-
ing round-trip conversion cycle (i.e., Power-to-Metal and Metal-
to-X phases) over several different timescales (day-night to sea-
sonal storage cycles) as illustrated in Figure 1. Considering
that the concept employs 100% renewables for the Power-
to-Metal path, up to 80% reduction in the associated GHG
emissions can be foreseen considering the impact share of
electricity on global warming potential of primary aluminum
production.[14]

Excluding the pre-chain emissions (ideally the concept is cir-
cular, reducing the impacts on overall life cycle), a realistic de-
carbonization pathway can be assumed by elimination of direct
emissions (i.e., CO2 and fluorocarbon) thanks to inert anodes
substituting conventional carbon anodes in the Hall–Héroult
process.[15]

The Metal-to-X path is carried out using an innovative Al-
steam oxidation process previously proposed and preliminary
demonstrated experimentally.[9] The oxidation reaction shows
variabilities depending on stoichiometric ratio of steam, and am-
bient conditions (e.g., pressure and temperature):

2Al + 6H2O → 2Al(OH)3 + 3H2 − 886 kJmol−1 (1)

2Al + 4H2O → 2AlO (OH) + 3H2 − 862 kJmol−1 (2)

2Al + 3H2O → Al2O3 + 3H2 − 817 kJmol−1 (3)

Reactions 1 and 2 are typical of oxidation with water at low tem-
peratures (below 300 °C). Although they grant the highest energy
output, they have notable drawbacks tied to the need of additives
in the water (e.g., alkaline compounds) to promote the H2 gen-
eration reaction. Reaction 3 mechanism oxidizes Al in steam at
temperatures above 1600 °C, but several issues arise due to the
clumping of Al2O3.[16–19] Moreover, a previous study[9] proved the
feasibility of Al oxidation in steam, according to Reaction 3, at
temperatures ≈900 °C. Such innovative process at 800–1000 °C
prevent the clumping of Al2O3 without requiring catalysts or ad-
ditives. The obtained results (some details are summarized in Test
Procedure) highlight that high conversion rates and long operat-
ing times are achievable by employing an inert material (perlite)
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Figure 1. Schematic representation of the CO2-free, fully circular, sustainable energy storage cycle based on Al.

to keep Al particles dispersed, preventing the clumping of Al ox-
ide typical of vortex combustors.

3. Experimental Section

The approach in frame of this study is based on publications
from the same authors’ team. First, an Al-steam oxidation con-
cept and a first 0-D model was developed.[2] This was followed by
a comprehensive techno-economic assessment for different full
load hours and multiple services of the same system.[13] Here the
Al-steam combustion path is also compared to other long term
storage alternatives. Then, a first sustainability screening of Al
properties has been realized.[20] These studies provided promis-
ing results regarding technical as well as techno-economic per-
formance and sustainability aspects (criticality, carbon footprint).
Thus, in a further step, the demand for long-term storage that
could be covered by the Al-steam oxidation is analyzed to un-
derstand the overall potential of the Al-steam oxidation concept.
However, the named studies as well as the scenario assessment
are based on theoretical assumptions, which must be proven.
Consequently, after a preliminary experimental assessment,[9]

the Al-steam oxidation is herein tested at the lab-scale to prove
the technical feasibility of avoiding clogging of the rector and en-
abling the direct recycling of the produced Al2O3 in the Hall–
Héroult process. This allows to derive major theoretical and ex-
perimental implications and to define next steps. The entire ap-
proach is provided in Figure 2.

3.1. Scenario-Based Assessment of European Long-Term Energy
Storage Needs

This section is dedicated to the explorative investigation of
the corresponding seasonal storage capacity needs based on
NZE scenario by 2050. To do so, an hourly time series anal-
ysis has been conducted considering European energy gener-
ation mix based on historical data. The overall energy con-
sumption was assumed to be equal to the European primary
energy demand (Ep,d) recorded in 2018 (i.e., ≈21399 TWh).[21]

Additionally, it was assumed that the primary energy needs
would be fulfilled up to 90% with equal shares of wind and

solar power.[22] Hence, analysis of PV and wind sources was
performed over the generation data published by the Euro-
pean Network of Transmission System Operators for Electric-
ity (ENTSO-E), which considers seasonal variations.[23] Based
on this analysis the monthly fluctuation of PV and wind
sources availability in different EU areas was assessed as de-
tailed in the Supporting Information. Finally, the European ES
demand has been estimated considering aggregated monthly
generation profiles taking into account the following consider-
ations:

1) Geographical distribution of conversion plants across Europe:
according to,[24] wind energy generation in 2050 is expected to
be predominant from latitudes of 450 N and higher, whereas
PV installed generation capacity will prevail in the South area.
Moreover, Centre and East areas were aggregated considering
that i) only a limited number of countries are grouped in these
areas according to the procedure detailed in the Supporting
Information; ii) current reduced renewable production in East
Europe (with respect to other EU areas) will have an effect on
expected installed generation capacity in 2050. Wind and PV
shares in the different areas are assumed equal to 0.55, 0.1,
0.35 and 0.35, 0.15, 0.5 for North, Centre and South areas,
respectively.

2) Grid interconnection: it is assumed that the transnational grid
will provide (“ideal” case) the full balancing across Europe be-
tween wind energy surplus from the Centre/North area and
PV lack in the South during winter and vice versa in summer.
It is highlighted as such an assumption will provide a mini-
mum value of required EU long-term energy storage capacity.
Consequently, the actual impact of green energy carriers’ volu-
metric energy density might be greater than the one assessed
according to this procedure.

3) Grid losses (𝜁G): the value of 5.8% is assumed based on the
Italian grid losses given by Terna S.p.A., the Italian transmis-
sion system operator, for 2020.[25]

4) Energy storage round trip efficiency (RTE): 36% were as-
sumed as indicated in ref. [11] for the Al-based energy stor-
age cycle using an Al-steam oxidation. Notice, that his value is
slightly greater than the one of H2-based energy storage im-
plementing low temperature electrolyzer and fuel cell tech-
nologies.
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Figure 2. General approach starting from modeling and parametrization to experiments, and finally an explorative assessment on the demand for high
density, long-term energy storage carriers.

Based on the last two assumptions, the primary energy de-
mand is adjusted according to Equation 4 up to E∗

p,d= 25128 TWh,
compensating for the storage efficiency and transmission losses.
Consequently, an iterative procedure is implemented to assess
CS,tot (where CS,tot CS,totis the seasonal energy storage capacity)
CS,totonce convergence is achieved.

E∗
p,d =

Ep,d + (1 − RTE) CS,tot∕RTE

1 − 𝜁G
(4)

At each step moving from the current CS,tot value, E∗
p,d is de-

termined. E∗
p,d is split according to 45−45% PV and wind shares.

Then the resulting required generation capacities are further split
by applying PV and wind shares previously assumed for the dif-
ferent EU areas. This results in the assessment of annual and
monthly average generation per source and area. Based on these
data the monthly generation profile per source is determined in
the NZE scenario in each considered EU area (see Figure 4A dis-
cussed in next Section 4.1) using the monthly fluctuation of PV
and wind sources availability previously determined (see Figure
S1, Supporting Information).

Assuming the transnational grid to provide full balancing
across Europe between surplus and deficit of renewable electric-
ity generation in different areas, the overall renewable genera-
tion monthly trend is assessed. Finally, the trend of generation
surplus/deficit can be computed with respect to the resulting av-
erage monthly generation capacity. With reference to Figure 4B
(discussed in next Section 4.1), the integral of surplus (orange
area) or deficit (blue area) along the year provides the CS,tot as-

sessment to be considered in the next step up to convergence
achievement.

3.2. Experimental Analysis: Aluminum-Steam Oxidation

3.2.1. Materials

The Al-steam oxidation was demonstrated using fixed bed reac-
tors where the powder was kept pressed between two seals for
simulating the favorable conditions for clogging. The tests were
executed using two test benches. The first test bench (Figure 3A)
included a vertical small capsule reactor with a reduced reaction
zone of 140 mm length and 10 mm diameter, suitably developed
for the preliminary investigation of the impact of alumina as
the inert material on the Al oxidation. Accordingly, the second
bench (Figure 3B) holded a larger tubular horizontal reactor (to-
tal length: 953 mm, external/internal diameter: 38.1/23.8 mm,
isothermal zone: 476 mm) made of Hastelloy X for chemical,
catalytic, and sorbing experiments operating at elevated temper-
atures (up to 900 °C) and pressure (up to 10 bars). Both the test
benches enabled process control (regulating the reaction temper-
ature and steam flow) delivering measurements for the generated
H2, as explained in Supporting Information (Section S2, Support-
ing Information).

Powder Preparation: Two Al powders were used, later named
120 mesh (particle diameter<125 μm, Goodfellow) and 325 mesh
(particle diameter <44 μm, “Pure Al” from M4P).[26] The latter,
being not a high purity Al powder, was chosen due to its com-
mercial availability for industrial additive manufacturing appli-
cations. The Al powders were dispersed with various amounts of
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Figure 3. Layout of the test bench implementing A) the small vertical capsule reactor (reproduced from Ref. [9]. Copyright 2022, The Authors) and B)
the large tubular reactor. All technical details are given in Supporting Information.

alumina (average particle size of 180 μm from Thermo Fisher Sci-
entific) by manual mixing before being loaded into the selected
test reactor. For the small test bench, glass wool fiber cylindri-
cal plugs were used to immobilize the powder inside the reactor.
These plugs were inserted into the reactor, one above and one
below the loaded powder mixture. After sealing the reactor with
its cap, it was pressurized to 3 bar to check for gas leaks. Subse-
quently, the reactor was connected to the test bench circuit and
placed inside the ceramic heater.

The powder preparation for the large tubular reactor begins
with the insertion of three plugs of glass wool with a diameter of
24 mm from the back end of the reactor. The plugs were pushed
inside the reactor until they reach the middle section. The re-
actor was subsequently rotated vertically to allow the loading of

the powder mixture. The remaining volume was filled with nine
more glass wool plugs. To enhance the gas tightness of the sys-
tem, a high-temperature, anti-seize paste was used to seal the
inlet and outlet threaded caps of the reactor. Finally, the loaded
reactor was connected to the test bench for testing.

3.2.2. Methods

Test Procedure: Before each test, the small and larger reactors
were purged with nitrogen for 5 and 30 min, respectively, to pre-
vent any undesired Al oxidation by exposure to remaining air. The
reactors were heated accordingly to the chosen test temperature.
Once the desired temperature for the experiment was attained in

Adv. Mater. Technol. 2024, 2302206 2302206 (5 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 1. Al steam oxidation tests at 900 °C using alumina as inert material.

Test No ID Reactor Temperature
[°C]

Water Flow
[g h−1]

Al and Al2O3 quantity
[g]

Al2O3 / Al H2O / Al
[h−1]

Al size
[μm]

1 900-60-0.2A-125-0.4 Capsule reactor 900 60 0.2, 0.4 2 300 ≤125

2 900-60-0.2A-125-0.8 Capsule reactor 900 60 0.2, 0.8 4 300 ≤125

3 900-60-0.2A-44-0.8 Capsule reactor 900 60 0.2, 0.8 4 300 ≤44

4 900-150-0.5A-44-2 Tubular reactor 900 150 0.5, 2 4 300 ≤44

the reactor, a controlled stream of water was supplied to the steam
generator. It is worth noting that the reaction was carried out un-
der excess water to avoid limitation of the conversion reaction by
water itself. As a result, the flow exiting the reactor consisted of
a mixture of water and H2. The excess water was condensed and
separated in the dedicated sections of the test benches. The H2
goes to the flow meter for the flow rate measurement. The flow
of water was halted after 1 h for the capsule reactor and 2 h for
the tubular reactor. After, the flow of H2 gradually diminished,
eventually reaching a complete halt within several minutes.

The total volume of H2 (VH2) produced during each test was de-
termined through a multi-step process. First, the measured flow
rate is integrated over the course of the entire test, which yields
the total volume (Vtot) of gas recorded until the flow rate reached
zero. This value was then adjusted by subtracting the initial vol-
ume of nitrogen (Vin) present at the beginning of the test and the
volume of water (Vw) used during the test. The measured volume
(VH2) was converted to the mass of H2 produced, considering its
density at standard conditions (273.15 K and 1 atm). This allowed
the assessment of the reacted Al mass (mAl, R), as a complete Al
conversion results in a H2 production equivalent to 11.1% of the
Al mass. The ratio between mAl, R and the initial mass of Al loaded
into the reactor results in the Al conversion rate (%CR).

After the execution of each test the reactor was open and
unloaded. Sample of the reaction products were collected and
subjected to ex situ characterization by Scanning Electron Mi-
croscopy (SEM) equipped with an energy dispersive X-ray (EDX)
detector and X-Ray Diffraction (XRD) measurements. The SEM-
EDX images were obtained using a Zeiss CrossBeam XB340 mi-
croscope equipped with the Quantax 200 Bruker EDX. The XRD
data were recorded on a Bruker Advance D8 diffractometer with
Cu radiation (Ka1,2 𝜆 = 1.5406 Å, 1.5444 Å) in the 2𝜃 range of
10–90°, with a step of 0.06° and a time per step of 3 s.

Test Campaign: The present work is built upon the previous
experimental study of Al-steam oxidation, performed using an Al
powder mixture (44 μm, Alfa Aesar) and granulated perlite (mm-
scale), the latter acting as the inert.[9] The previous test campaigns
were performed in 2 phases using the test rig of Figure 3A. The
first phase focused on investigating the reaction of micron-sized
Al at temperatures below (550–650 °C) and above (750–850 °C)
the Al melting point, together with the effect of water flow rate
and Al quantity on the H2 production rate and total yield. The
second phase was designed to focus entirely on the reaction at
900 °C, as the process temperature appeared to have the great-
est effect on H2 production. The results highlighted high Al con-
version rates (%CR, defined as the mass ratio between reacted
and inlet Al). Rietveld refinement was employed to assess the re-
action yield based on the XRD pattern of the reaction product

(test conditions 900-60-0.2P: 900 °C temperature, 60 g h−1 water
flow rate, 0.2 g Al loaded quantity and 0.4 g loaded perlite) re-
sulting in a predominant content of 𝛾-Al2O3 (83.4%w). Further-
more, SEM and EDX analysis revealed as the process yielded to
alumina (Al2O3) spherical microparticles mostly, which, together
with the presence of inert perlite, avoided their coalescence, al-
lowing 1 h operation without reactor clogging. The main out-
comes have been reported in an early publication.[9]

The inclusion of perlite proved to be beneficial preventing the
aggregation of Al particles and alumina, with particular attention
to potential clogging effects during the conversion process. The
test campaign performed in this study aimed at analyzing the ef-
fects of substituting granulated perlite with alumina powder with
regards to the clogging tendency of the mixture in view of devel-
oping an innovative reactor technology for continuous steam ox-
idation. In fact, the simple and low-cost integration of the Metal-
to-X with the Power-to-Metal conversion paths (CO2-free Hall–
Héroult process) requires alumina and unreacted Al to be the
only solid components coming out of the Al steam oxidation re-
actor.

Experimental Tests in the Small Capsule Reactor: A series of
preliminary tests were conducted at 900 °C with a steam flow rate
of 60 g h−1 and Al quantity of 0.2 g based on the previous results.
With reference to the previously performed tests,[9] the main dif-
ference lies in the variable quantity of inert alumina replacing
perlite. Additionally, the tests were performed also using a dif-
ferent Al powder with a rather lower mesh than the previously
employed powder (125 μm vs 44 μm). The first test was carried
out by substituting perlite with the same mass of alumina (0.4 g).
In the second test, the amount of alumina was increased to four
times the Al powder mass (0.8 g). The last test was instead carried
out with the same ratio of powders but using the Al powder with
a maximum diameter of 44 μm.

Experimental Tests on the Large Tubular Reactor: Multiple tests
were performed on the larger reactor at 900 °C using the same
steam flow rate to Al weight ratio and Al to Al2O3 weight ratio of
test 900-60-0.2P. The operating conditions investigated on both
test benches are summarized in Table 1.

3.2.3. Statistical Analysis

The Al-steam oxidation experiments were repeated varying sev-
eral parameters as indicated in Table 1. Since the equipment
was in-house made and the distribution of the loaded sample
in the reactor not very reproducible, an accurate statistical analy-
sis is not feasible. However, the reactors were calibrated accord-
ing to the procedure described in ref. [9]. The XRD and EDX

Adv. Mater. Technol. 2024, 2302206 2302206 (6 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

 2365709x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202302206 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [08/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 4. A) Monthly profiles of wind and PV generation assessed in the NZE 2050 scenario. B) Overall renewable generation surplus/deficit monthly
trends.

measurements and SEM images were taken in several different
portions of the collected samples. Only the most occurring results
are reported herein.

4. Results

4.1. Scenario-Based Seasonal Volumetric Energy Storage
Requirements

As mentioned before, the Al-steam oxidation shows promis-
ing theoretical results for long-term energy storage, considering

some preconditions (e.g., circularity of the Al, use of renewables).
Details on the theoretical techno-economic performance of the
system and the sustainability of Al can be found in,[2,9,20] The
remaining question though, is if there is the demand for this
kind of seasonal energy storage solution, and where it is required.
Bearing that in mind, seasonal and geographical variabilities of
solar and wind power generation are considered with respect to
the corresponding annual average values separately for Northern,
Central, Eastern, and Southern Europe. The resulting trend illus-
trated in Figure S1 (Supporting Information) implies opposite
seasonal trends for wind and solar generation, proving that they

Adv. Mater. Technol. 2024, 2302206 2302206 (7 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. A) H2 volume flow rate obtained during tests 900-60-0.2A-44-0.8 and 900-150-0.5A-44-2. For the sake of comparison, the result of a previously
reported test 900-60-0.2P is also illustrated (data taken from ref. [9]. Copyright 2022, The Authors). B) Cumulative H2 production curves for tests 900-
60-0.2A-44-0.8, 900-150-0.5A-44-2 and 900-60-0.2P.

can only partially compensate each other due to their different
shares in the generation mix of various European regions. Ide-
ally, the deficit in the renewable energy supply is stored via the
use of long-term/seasonal ES.

The estimated monthly generation profile per source and re-
gion in accordance with the NZE scenario in 2050, determined
under the methodology and assumptions stated in the previ-
ous Section 3.1, is illustrated in Figure 4A. Based on that, the
overall monthly renewable generation trend is derived. It must
be highlighted that the shown approach allows the minimiza-
tion of installed wind and PV plants, since installed power is
sized to provide a generation capacity close to the primary en-
ergy need, while seasonal storage allows to overcome temporal
gaps.

With respect to the resulting average monthly generation
capacity, the trend of generation surplus/deficit is analyzed
(Figure 4B) and an annual ES capacity of 1278 TWh is estimated.
Considering the Al volumetric energy density (23.5 kWh L−1) a
storage volume of ≈54.4 Mm3 is estimated to satisfy the seasonal
deficit in renewable energy supply. From a practical point of view,
the needed storage volume corresponds to only ≈46 soccer fields
covered with 7 meters of Al.

According to the “Fuel Cells and Hydrogen 2 Joint Undertak-
ing in the Hydrogen Roadmap Europe” estimations,[27] exploit-
ing H2 as the intersectoral energy carrier requires the gener-
ation of ≈2250 TWh, thereof 1451 TWh to satisfy transporta-
tion, heating and power for buildings and energy for industry
demands in the decarbonized 2050 scenario. This is the amount
to be considered since it refers to the primary energy consump-

tion Ep,dEp,d. Furthermore 112 TWh for short-term grid services
as well as 391 TWh and 257 TWh for existent and new in-
dustrial feedstocks (mostly in the refining and chemical pro-
duction industries) are assessed, which is out the scope of this
study. Thus, considering H2 as a main energy carrier, the im-
plemented method results in 1322 TWh. Such a value of long-
term energy storage capacity is assessed considering a H2-based
energy storage cycle integrating alkaline water electrolyzer, PEM
fuel cell stacks, and H2 storage at 700 bars with 30% RTE. As-
sumptions made to support the chosen RTE value are detailed
in the Supporting Information (Section S3, Supporting Infor-
mation). With such an energy carrier, the storage volume in-
creases up to ≈944 Mm3 mainly as consequence of its low vol-
umetric energy density (1.4 kWh L−1). Even worse, for the first
storage demonstrator of green H2 in salt cavern operating at
130 bars,[28] the volumetric energy density further diminishes to
≈0.33 kWh L−1, increasing the storage volume required at the
European level up to 3900 Mm3. Such a volume is further in-
creased since an internal minimum pressure of 110 bar must be
maintained.

4.2. Experimental Results: Al-Steam Oxidation

The first two tests (Test 1 (Test ID: 900-60-0.2A-125-0.4) and
Test 2 (Test ID: 900-60-0.2A-125-0.8) see Table 1), employing
the 125 mesh Al powder and executed in the small capsule re-
actor, did not run to completion. Test 1 started with an un-
stable water flow rate caused by the reactor’s clogging, which

Adv. Mater. Technol. 2024, 2302206 2302206 (8 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Appearance of the powder resulting from the steam oxidation process (Test 4).

resulted in the complete halt after 15 min. Test 2 ran for 30
min before halting for the reactor clogging. Therefore, a third
test (Test 3, Test ID: 900-60-0.2A-44-0.8, red curve in Figure 4)
was executed using the small reactor, but using the 325 mesh
Al powder, which ran to completion. For the sake of compari-
son, the H2 generation rate from a previously conducted test is
also reported in the figure (Test ID: 900-60-0.2P, gray curve in
Figure 5A). As expected, Test 3 showed a lower H2 production
rate with respect to the previous report, due to the different type
and purity of Al, and a slightly reduced cumulative H2 produc-
tion (from 175.5 to 142.2 mL, as illustrated in Figure 5B). Addi-
tionally, the H2 production profile had a regular trend, i.e., no
steep H2 flow variations ascribable to clogging and unclogging
of the reactor, supporting for the formation of small Al2O3 par-
ticles, as confirmed by the SEM analysis presented later in Sec-
tion 4.2.1.

Following these positive results, the process was further inves-
tigated using the large tubular reactor under the same operating
conditions, but the uploaded amount of Al was increased to 0.5 g
as indicated in Table 1. The H2 production rate of Test 4 (Test ID:
900-150-0.5A-44-2; blue curve in Figure 5A) is characterized by a
higher initial peak and longer duration, but with a similar profile
to Test 3. Also, the observed total H2 yield (369.3 mL) is slightly
greater than that obtained in Test 3, especially considering the
2.5-fold increase in the Al mass.

Once more, the H2 flow rate profile confirms the absence
of clogging effects. The collected powder appeared as a macro-
aggregate (Figure 6, picture on the left-hand side), which crum-
bles into extremely fine dust as soon as it is touched (Figure 6,
picture on the right-hand side). This proves the effectiveness of
using alumina as inert material in the steam oxidation process of
fine (325 mesh) Al powder.

Figure 7. SEM image of a reacted Al particle after steam oxidation (Test 4).

Adv. Mater. Technol. 2024, 2302206 2302206 (9 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 8. EDX mapping of a reacted Al particle after steam oxidation (Test 4).

4.2.1. Characterization of Al-Steam Reaction Products

The materials collected after Test 3 and Test 4 were further in-
vestigated via ex situ SEM-EDX and XRD analyses and compared
with the 325 mesh Al powder as well as the alumina powders
used as inert. Since rather similar results were found for the ma-
terials resulting from the two tests cited above, only the mea-
surements made on the powder collected after the Test 4 are pre-
sented, while the results for the powder collected from Test 3 and
the reference materials are reported in Supporting Information
(Figures S2–S5, Supporting Information).

Figure 7 depicts a 10 kX SEM image made pointing at a re-
acted Al particle. If compared with the SEM image of the 325
mesh Al (see Figure S4, Supporting Information), microparticle

exfoliation is observed. After steam oxidation the surface of the
particle is coated with tiny flake-like and spherical Al2O3 particles,
as resulting from EDX analysis reported in Figure 8, similarly to
the results reported when perlite was used[9] thus confirming the
formation of alumina. Similar results were found for the mate-
rial resulting from the Test 3 as evident from Figures S2 and S3
(Supporting Information) and their comparison with Figures 7
and 8. With reference to Figure 8, the observed presence of Si is
clearly due to the glass wool fiber used to pack the Al powder in
the reactor.

The 325 mesh Al powder is composed of smooth spheres, as
depicted in Figure S4 (Supporting Information). Upon steam oxi-
dation reaction, the Al spheres revealed a composite nature, com-
prising Al2O3, unreacted Al, and SiO2 (from the glass wool fiber)

Adv. Mater. Technol. 2024, 2302206 2302206 (10 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 9. XRD patterns of reacted Al particles after steam oxidation (Test
3 and Test 4). For comparison, the patterns of 325 mesh Al as well as inert
alumina are also reported.

as indicated by SEM and EDX analysis illustrated in Figures 7
and 8. Nonetheless, Figure 7 shows that the Al spheres remained
intact, i.e., without merging, despite the reaction temperature be-
ing higher than the Al melting point. This certainly results from
the formation of the Al2O3 shell encasing molten Al. The surface
of the sphere revealed a laminar structure, but also small spher-
ical Al2O3 particles corresponding to a partial leaking of molten
Al.

XRD analysis was also performed to assess the extent of oxida-
tion within the bulk of Al particles, using as reference both the
inert alumina and the 325 mesh Al powder.

Figure 9 presents the XRD patterns of the materials collected
after Test 3 and Test 4. Both samples exhibited the presence of Al
and Al2O3, further validating the EDX analysis (Figure 8). How-
ever, the Al peaks appear to be weaker in the material resulting
from the Test 4, implying a higher conversion rate in the large
reactor. To gain further insights into the conversion rate during
the Test 4, the Rietveld phase fraction analysis[29] utilizing High
score software, was applied. As reported in Figure 10, the analysis
unveiled an 88.4% fraction of Al2O3, while Al exhibited a signifi-
cantly lower fraction of 7.4%.

These outcomes are consistent with the results obtained in
terms of H2 production. In Table 2 the residual Al content is as-
sessed at 7.2% considering the H2 total yield of 369.3 mL which
corresponds to %CR of ≈60% (i.e., 0.3 g of reacted Al over 0.5 g
initially loaded in the reactor). Also, the mass of alumina (2 g)
initially loaded in the reactor is considered.

5. Conclusion

The goal of the study is to fill the gaps remaining from the pre-
vious theoretical technical and technoeconomic feasibility stud-
ies, namely, the demand for the proposed seasonal energy stor-
age alternatives in Europe and the experimental validation of
the Al-steam oxidation concept. Consequently, the seasonal stor-
age demand at the EU level was assessed to overcome temporal

Figure 10. Quantification of the reacted Al powder composition after
steam oxidation (Test 4) performed by Rietveld phase fraction analysis uti-
lizing Highscore software.

gaps of renewable generation, optimizing wind and PV installed
power capacity to provide a generation capacity close to the pri-
mary energy need. Identifying the volumetric long-term ES needs
in terms of seasonal storage and assessing technical advantages
that aluminum as an energy carrier can provide are the impor-
tant outcomes of the conducted study. The long-term ES demand
analysis in frame of the scenario analysis provides arguments
in favor of a diversification of storage options, since projected
H2 requirements, volumetric needs, and geographical as well as
geopolitical concerns are highly associated with this strategy. A
fully decarbonized scenario requires the availability of 1278 TWh
long-term ES capacities, considering the implementation at sys-
temic level of the carbon-free energy storage circle based on Al
as storage medium. Whereas, more than ≈70 times higher vol-
umes will be required for H2 (considering typical underground
H2 storage conditions). Storing renewable in stable, solid energy
carriers in addition to volumetric advantages bring along bene-
fits in terms of transportation, which poses challenges for other
storage media. The corresponding quantity of Al to be produced
on yearly base to guarantee the EU energy security by 2050, is as-
sessed at ≈147 Mt (or 54.4 Mm3), without a related consumption
of raw materials thanks to the inherent recycling provided by the
proposed energy storage circle. Anyway, a huge increase in the
installation of Al smelting plants is required, being a motivating

Table 2. Assessment of produced powder composition based on measured
H2 total yield.

Mass (g) %w

Produced Al2O3 0.5667 20.5%

Initial inert Al2O3 2 72.3%

Total Al2O3 2.5667 92.8%

residual Al 0.2 7.2%

Total powder mass 2.7667

Adv. Mater. Technol. 2024, 2302206 2302206 (11 of 12) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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aspect based on the potential techno-economic, social, and envi-
ronmental benefits.

The proposed concept uses conventional process equipment
that is indeed not very much different than a co-generation plant
except the steam combustion chamber. Nevertheless, a step fur-
ther has been taken in this work by consideration of Al2O3 as an
inert material. Specifically, the demonstration and executed tests
revealed that Al oxidation is enabled using Al2O3 itself as inert,
which eliminates the concerns regarding effective circularity of
the concept. Hence, the presented perspective with the scenario-
based analysis is brought together with feasibility of the concept
in this paper for supporting its further consideration.

Finally, the development of a suitable reactor architecture at
the full-scale will be addressed in the next future to guarantee
a continuous process. In line with that, further studies for eco-
nomic feasibility and sustainability aspects will be carried out in
parallel.
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