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For any proper evaluation of next generation energy storage systems technological, economic, and
environmental performance metrics should be considered. Here conceptual cells and systems are
designed for different aluminium battery (AlB) concepts, including both active and passive materials.
Despite the fact that all AlBs use high-capacity metal anodes and materials with low cost and
environmental impact, their energy densities differ vastly and only a few concepts become competitive
taking all aspects into account. Notably, AlBs with high-performance inorganic cathodes have the
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potential to exhibit superior technological and environmental performance, should they be more
reversible and energy efficient, while at the system level costs become comparable or slightly higher
than for both AlBs with organic cathodes and lithium-ion batteries (LIBs). Overall, with continued
development, AlBs should be able to complement LIBs, especially in light of their significantly lower
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Introduction

The ongoing transition to low-carbon energy systems is charac-
terized by increasing amounts of renewable wind and solar
power, leading to variability in sourcing, and thus requires
flexible solutions.'”” Energy storage provides flexibility, not
least rechargeable battery energy storage systems (BESSs) with
reversible conversion of electrical to chemical energy at very
high roundtrip efficiency, most often ca. 90% at the system
level.®> Today, rechargeable batteries, in particular lithium-ion
batteries (LIBs), are applied in a large range of applications,
from portable electronics and electric vehicles (EVs) to utility-
scale BESSs.*® For mobile applications, energy density and
charging time are the most important key performance indica-
tors (KPIs) (in addition to the omni-important safety aspects),
while for stationary applications, storage lifetime and cost are
more important. For stationary BESSs used in energy arbitrage
this translates e.g. to the KPIs for 2030 of a specific energy
density of 250 W h kg™ for 15 000 cycles at capital expenditures
(CAPEX) of 0.03 € per kW h per cycle (system level).® These are
in stark contrast to the KPIs for EV application of 450 W h kg "
for 2000 cycles and a CAPEX of 85 € per kW h at the pack
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level - rendering 0.04 € per kW h per cycle.® Furthermore, most
stakeholders in utility energy storage consider the environmental
impact to be of equal importance to the economic performance
and more important than the technological performance.’

One battery chemistry, amongst the many next generation
battery (NGB) chemistries being put forward at present to
replace or complement today’s LIBs,”® that is suitable to reach
the KPIs for BESSs is aluminium batteries (AlBs).*** The main
reasons are their fundamental promise of high capacities and
energy densities, from the use of multivalent AI*" ions and
thus up to 3-electron transfer per cation; the very high capacity
(2981 mA h g™ ) of Al metal anodes; and, especially important
for BESS applications, the base being abundant and low-cost
materials. On the drawback side, the large amount of energy
required to make Al metal naturally comes in, but the well-
established highly efficient recycling schemes can largely
compensate.’ Also, as for more battery specific properties, all
AlBs are significantly limited by the rather high reduction
potential of Al (—1.66 V vs. SHE), thus ca. 1.4 V above that of
Li (—3.04 V vs. SHE), making it more difficult to create high-
voltage cells. Yet, there are many conceptually different designs
of AlBs originating from this common baseline, foremost with
respect to the different types of cathodes employed e.g. graphitic,
organic, or inorganic (Fig. 1(A)-(C)).

One intrinsic and common problem is the high charge/
radius ratio of the AI’* ion, which raises problems in finding
electrolyte and cathode combinations allowing for both rever-
sibility and high energy density. The most common electrolytes
for AlBs are based on ionic liquids (ILs) that create Al,Cl,” and
AICl,” anions.’®'? The latter anions are intercalated when

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cell components

Fig. 1 Different AIB concepts and the path from cell components to BESSs. (A)—(C) Schematic reactions for the involved species composed of Al (blue)
and Cl (green) atoms during discharge for the different AIB concepts with graphite (A), organic (B), and inorganic cathodes (C). (D) The common path
from cell components (powders for cathode slurry, electrolyte, Al anode foil, separator, and current collector foil); via assembly into stacks, cells,

modules, and packs; and finally into a BESS.

employing graphitic cathodes (Fig. 1(A)) and extracted from the
electrolyte."®'* Thus, using such cathodes the AIB energy
density is fundamentally limited by the volume of electrolyte
needed, which in turn depends on the density of ions in the
electrolyte, rendering specific cell energy densities of no more
than ca. 70 W h kg~ *.**

Another approach is to employ the same type of electrolytes
and organic cathodes, with redox centers of for example
carbonyl groups, such as in quinones, where typically either
AICI** or AICL," cations, rather than AI** cations, are made to
coordinate (Fig. 1(B)).">'° None of these three cations, however,
are thermodynamically stable in the bulk of the electrolyte; they
are formed by the dissociation of Al,Cl,™ close to the cathode
surface.”"” Since the coordinated cations are both Cl-
containing, the AIB concept using organic cathodes also derives
its capacity partly from, and is likewise limited by, the electro-
lyte. A notable difference is that when employing AICI*>* cations
the amount of electrolyte required to store the same amount of
charge as when using AICl,” anions is fundamentally only
1/8."%'% Indeed, higher specific energy densities have already
been demonstrated and are envisaged to be able to reach ca.
200 W h kg~ *.'*?*°

Finally, cathodes able to truly intercalate Al’>* cations, in a
similar fashion to traditional inorganic cathodes employed in
LIBs (Fig. 1(C)), would in principle endow AlBs with even higher
energy densities. This is because they would not depend on the
electrolyte in at all the same way. As of today, cathodes based
on e.g. Mo, V, or Ti as the active transition metals have together
with IL based electrolytes provided specific cell energy densities
of 60-120 W h kg *,**"2* while inorganic cathodes based on
V or Mn and aqueous electrolytes have yielded ca. 225>* and
37027 W h kg ', respectively. Although this may sound
remarkable, the (very) strong interactions between the AI’** ions
and the cathode hosts result in high charging over-potentials
and hence low energy efficiencies of ca. 40% and 70% for TiO,

© 2023 The Author(s). Published by the Royal Society of Chemistry

and MnO,,”*?” respectively, compared to ca. 90% for AlBs with
graphite or organic cathodes.'**® Furthermore, these kinds of
cells employing aqueous electrolytes have not yet demonstrated
fully reversible stripping/plating of Al.>%>°

For any NGB technology, prospective analyses of practical
performance can reveal benefits and limitations, especially if
the full chain from cell components to assembly for application
and subsequent integration can be covered (Fig. 1(D)) and each
level explicitly considered. While AlBs are at a very early stage of
development and therefore practical cells are still lacking, they
can be expected to be similar to LIBs at the manufacturing
and assembly stages and levels.”***' Hence, conceptual cells,
taking into account the specific possibilities and limitations of
the different concepts (Fig. 1(A)-(C)), can be modelled and
provide essential information. This has indeed been done
before for both LIBs and NGBs, although not for AlBs, through
creating balanced cell stacks by a bottom-up approach includ-
ing properties of both active and passive materials.**** One
particularly significant difference as compared to LIBs is clearly
the importance of the electrolyte and separator properties for
those AIB concepts (Fig. 1(A) and (B)) where the electrolyte
contributes actively to the cell energy density.>***

Herein the generic path (Fig. 1(D)) from a single cell and
its components to multiple-layer stacked cells, via putting
modules into a battery pack, and finally to a BESS integrated
in a container is followed.>?® This is made not only for
performance related KPIs, but also for monetary KPIs - hence
enabling techno-economic modelling and analysis. The BatPaC
software®® has been instrumental for this kind of analysis of
cells and packs of commercial LIBs for EV application and has
recently also been applied to NGBs.»® Here we apply this
procedure to the three different AIB concepts, taking care to
properly design and balance the cells, and benchmark them vs.
several different LIB cells and storage solutions, that are all
constructed in the same way.

Energy Adv., 2023, 2, 420-429 | 421
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For the corresponding environmental performance, life
cycle analyses (LCAs) have been made bottom-up from materi-
als at the cell level for several LIB chemistries applied in EVs,*”
but indeed also for AlBs based on graphite cathodes.®® At the
utility-scale, ie. the BESS level, however, most studies of
environmental impact have been based on commercially avail-
able modules, and this limits the possibilities to evaluate NGBs,
as much of the input needed is not available. Therefore, we
here choose a more accessible alternative; the long-term avail-
ability in the Earth’s crust of the elements used, via the crustal
scarcity potential (CSP).>* While this does not take into account
any specific routes of production etc., it is at the same time not
laden with the large uncertainties as large assumptions of such
routes would introduce. To this we also add a minor global
warming potential (GWP) analysis.

All of the above, from materials and conceptual cell design
to utility-scale BESSs, is made as transparent as possible and all
relevant data are outlined in a spreadsheet.

Results
Technical performance

Systematic calculations of the amounts of various materials
employed and the practically achievable energy densities were
performed for several AlBs with cathodes of graphite (Al-gra);
organic compounds, poly(phenanthrenequinone) (Al-PPQ) and
poly(benzoquinonyl sulfide) (AlI-PBQS); and inorganic hosts,
titanium dioxide (Al-TiO2), potassium-vanadium pentoxide
(Al-KV,05), and manganese dioxide (Al-MnO,). In addition,
LIBs with anodes of graphite and cathodes of lithium nickel-
manganese-cobalt oxide (LIB-NMC), more specifically NMC811-
based, and lithium iron phosphate (LIB-LFP), were created
as well as a dual-ion battery based on two graphite electrodes
(Li-DIB).

Starting at the material level and cell designs, we first
consider only the properties of the active materials (AM) used
in the different concepts, wherefrom some very ideal and
theoretical “cell” energy densities can be obtained (Table 1).
Please note that for the cells based on graphitic (Al-gra and
Li-DIB) and organic (A-PPQ and AI-PBQS) cathodes the
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electrolyte needed must be taken into account. Hence, the
exceptional capacity of the Al metal anode cannot be used
single-handedly as a measure for the promise of all AIB cells,
as should be clear by comparing columns 1 and 2 vs. columns 3
and 4 in Table 1. This process overall follows that often used to
promote various NGBs (as well as novel materials for LIBs), but
which is often also laden with many problems, not least
transparency with respect to comparisons with commercial
batteries.?****°

The Al-PPQ and AI-PBQS cells are based on cathode materials
with fair and high specific capacities, but as these have compara-
tively low volumetric capacities, due to the common feature of low
density of organic compounds, the cells have rather low volumetric
energy densities. The Algra cell, due to the larger electrolyte
demand, is less than half as energy dense both gravimetrically
and volumetrically. In contrast, the lower specific capacity and cell
voltage of TiO, are “compensated” for by the Al metal anode
utilization and the higher densities of inorganic materials provide
the AITiO, cells almost similar volumetric energy densities to the
AI-PBQS cells, which is ca. half that of AI-KKV,05 and 4 times lower
than that for the AI-MnO, cells. If the latter AlB concept can
overcome its energy efficiency problems, all other things being
equal, it would be outstanding and even match LIB-NMC in terms
of energy density, albeit at a much lower cell voltage.

Thus, when estimating the cell energy densities that are
practically obtainable, including electrolyte and passive materi-
als, a slightly different picture emerges than when only looking
at the anode and cathode materials. The cell design also deeply
depends on the intended application, not least the energy/
power performance needed. Here, the intended BESS applica-
tion is energy arbitrage with daily charge and discharge for 4 h
and therefore relatively thick electrodes of up to 200 pm are
used.*®*" From this, the thicknesses of all other components
are deduced (Fig. 1(D), Methods).

The high volumetric capacity of Al, and that it is used both
as an anode and a current collector (CC) in combination, gives
ca. 30% thinner single-cell stacks for AlBs than for LIBs
(Fig. 2(A)). However, for Al-gra this advantage is lost by the very
thick separator needed, and the same is true, to a somewhat
lesser extent, for Li-DIBs.>* Furthermore, the graphite expan-
sion requires extra volume in the stack design for both LIBs and

Table 1 Properties of the active materials, including the electrolyte needed, and the cells ‘created’

Anode Anode and electrolyte Cathode Cell
Specific Volumetric Specific Volumetric Specific Volumetric ~ Average Specific energy Volumetric energy
capacity capacity capacity capacity capacity capacity voltage  density density

Concept [mAhg™'] [mAhem™] [mAhg '] [mAhem™] [mAhg '] [mAhcem™] [V] [Wh kg™ [WhL™]

Al-gra 2981 8049 49 58 135 297 2.00 72 98

Al-PPQ 2981 8049 344 413 170 272 1.40 159 230

Al-PBQS 2981 8049 344 413 300 480 1.60 257 355

Al-TiO, 2981 8049 2981 8049 110 465 0.64 68 282

AI-KKV,05 2981 8049 2981 8049 225 716 1.00 209 657

Al-MnO, 2981 8049 2981 8049 285 1428 1.30 338 1577

LIB-NMC 372 818 372 818 210 977 3.65 490 1625

LIB-LFP 372 818 372 818 160 584 3.30 369 1125

Li-DIB 372 818 77 107 140 308 4.50 223 358
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Fig. 2 Cell designs and technical performance. (A) Thicknesses per stack. The numbers above the bars are the areal capacities (mA h cm™2). (B) Masses
per pouch cell. (C) Volumetric vs. specific energy density at different steps for conceptual cell designs. Step 1 (squares) considers only active materials.
Step 2 (triangles) considers electrodes and the electrolyte required in practical cells. Step 3 (circles) considers all active and passive materials needed to
create practical cells. Theoretical “cells” (crosses) consider active materials and the minimum need for electrolyte. (D) Sensitivity analysis for the energy

densities of Al-PBQS at the cell level.

Li-DIBs, but for Al-gra the 80% cathode expansion®” is more than
compensated for by the 33% electrolyte volume decrease.*® The
areal capacity is dependent upon and limited by the volumetric
capacity and, hence, cells with inorganic cathodes come out better.

The material masses in a pouch cell (Fig. 2(B)) depend on
the layer thicknesses in the stack, the number of stacks that fit
into the cell, and the materials’ densities. The high densities of
the inorganic cathode active materials lead to both larger
masses per cell for these AlBs and a larger percentage of the
total cell masses (ca. 75%) than for both AlBs with organic
cathodes and LIBs (ca. 50%) as well as for Al-gra and Li-DIBs
(ca. 25%). Thus, the relative reduction from theoretical to
practical specific capacity is less prominent for the former
AlIB concept.

Overall, the evolution of the energy densities (Fig. 2(C)) from
only electrode active materials (step 1, squares), via the making
of electrodes and introducing the electrolyte (step 2, triangles),
to practical cells (step 3, circles) shows that the losses between
steps 1 and 2 are more pronounced for the cell concepts
requiring larger electrolyte amounts. The loss in volumetric
energy density between steps 1 and 3 is e.g. > 80% for the Al-gra
and Li-DIB cell designs. However, the loss of ca. 50% is similar
for AI-PPQ, while only slightly higher for AI-PBQS (60%) and
correspondingly slightly lower for AlBs and LIBs with inorganic
cathodes (ca. 40%). This is largely due to the fact that
the volume of electrolyte, needed in practical cells to fill the
porous electrodes, is similar. Hence, the theoretical estimates

© 2023 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2(C), crosses, and Table 1, columns 8 and 9) are closer to
step 2 for the concepts using graphitic or organic cathodes, but
closer to step 1 for those with inorganic cathodes.

A comparison between the best performing AlBs reveals that,
at the cell level, AI-PBQS has ca. 75% of the specific energy
density but only ca. 1/3 of the volumetric energy density of
Al-MnO,. For the AI-PBQS cell (Fig. 2(D)) an increase in density
or capacity of the organic cathode by 10% only increases the
volumetric energy density by ca. 3%. This is because the
increased capacities also require larger volumes of electrolyte.
If the reaction mechanism could be changed to involve AI**
instead of AICI** the increase in volumetric energy density
would still only be ca. 6%, as an electrolyte is needed to fill
the pores. However, if it employed AICl," the volumetric energy
density would be reduced by more than 60% (not shown), which
stresses the importance of an accurate determination of the
reaction mechanism."

Economic performance

The use of low-cost materials often gives rise to claims of AlBs
being inherently low cost, but the relevant metric is cost per
unit of (useable) energy stored. Applying this measure,
first at the cell level, the AI-PBQS and Al-MnO, cells achieve
ca. 25 $ per kW h, and LIB-NMC and LIB-LFP have ca. 150 and
100% higher cost, respectively, whereas Al-gra has a vast cost of
ca. 120 $ per kW h (Fig. 3(A)). Both of the other inorganic
cathode-based AlBs come out as relatively expensive, despite

Energy Adv., 2023, 2, 420-429 | 423
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($ per kg). (B) Breakdown of costs at the pack level. The dotted lines are linear fits. (C) Costs at the utility-scale BESS level. (D) Total costs of a utility-scale
BESS. The error bars are sensitivity to an average cost of electricity varying between 0.02 and 0.04 S per kW h.

the low material costs for AI-TiO,. As compared to the literature,
our costs are similar for Al-gra'' and slightly lower for LIB-NMC,
much due to our cell being designed with a thicker cathode.>*!
Breaking down the costs (Fig. 3(A)), the inorganic cathodes make
up a large majority (70-90%) of the material costs for those AlB
cells (with a notable exception for AIFTiO,), but the cathode cost is
much less for other AIB cells, e.g. 30% for Al-PBQS. The latter
renders the cost of the passive materials relatively more important.
Admittedly, there is a need for a caveat here; whereas the costs
for materials in LIBs are based on commercial cell costs,*® and
therefore rather trustworthy even if volatile, some materials used
for the AlBs, e.g. the IL based electrolyte and the organic cathodes,
are rather unique and their costs in large quantities are therefore
laden with much larger uncertainties. Although these are relatively
important at the cell level, where they contribute ca. half of the
costs, as described below, at the system level their contribution is
significantly smaller. Hence, any deviations, both positive and
negative, e.g. as compared to cathode material costs for inorganic
LIBs, would have a relatively limited impact overall.

Moving to battery-packs and utility-scale BESSs (Fig. 3(B)-
(D)) renders another set of pictures compared to that solely
based on the cells. The higher volumetric energy densities of
cells based on inorganic cathodes provide cost benefits; as in
the pack-design the cost in general decreases with fewer cells
needed (Fig. 3(B)). In more detail, for pack items the costs are
mainly due to the battery jacket, which scales with the outer
area of the pack, while for module items, the cost is dominated
by state-of-charge-controllers needed for each group of cells

424 | Energy Adv., 2023, 2, 420-429

connected in parallel. Overall the lower cell voltages of any AlB,
as compared to LIBs, result in more cells in series in order to
reach the desired pack-voltage and thus more module items are
needed.

Looking at different AIB designs and production aspects, the
lower areal capacity of organic cathodes as compared to the
inorganic cathodes (Fig. 2(A)) means that a larger number of
electrodes are required to reach the same pack-energy. For a
fixed rate of electrode production, a larger plant is needed and
therefore also increased costs for depreciation of manufactur-
ing equipment. Similarly, the low specific energies of Al-gra,
Al-TiO,, and Al-V,C require larger masses of battery materials
and, hence, more equipment and higher cost for depreciation.

Finally, the volumetric energy density at the pack-level
determines the amount of energy stored in each container
and thereby the number of containers needed to create the
BESSs for a given energy. Again, cells based on inorganic
cathodes obtain cost advantages, as the costs for the structural
balance of system (BOS) and installation and thereby overheads
are reduced (Fig. 3(C)). In the end, the complete BESS costs
become ca. 220 $ per kW h for both the Al-PBQS and the LIB
concepts, despite the cell materials making up 11% for the
former and 27% for LIB-NMC.

For the application of daily energy arbitrage, over the
assumed lifetime (20 years and ca. 7300 cycles), the capital
expenditure (CAPEX) for the BESSs reaches the KPI for the Al-
PBQS, Al-MnO,, and LIB based solutions (Fig. 3(D)). However,
the lower efficiencies of the AIB concepts based on inorganic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cathodes lead to higher operational expenditures (OPEX), mainly
governed by the higher cost associated with the electricity used to
charge them, which thus depends on the average electricity price -
here set to a modest value of 0.03 £ 0.01 $ per kW h. Therefore
total costs (CAPEX + OPEX) are the lowest for the AI-PBQS and LIB
BESSs at ca. 0.07 $ per kW h per cycle, closely followed by the
Al-PPQ, Al-KKV,05, and AI-MnO, BESSs at ca. 0.08 $ per kW h per
cycle. This small difference can certainly be turned around
depending on the exact chemistry employed and this is especially
true for the less mature AIB technology and concepts.

Environmental performance

Similar to the economic performance analysis above, all envir-
onmental performance analysis is performed in relation to the
useable energy storage. Both the GWPs and the CSPs can show
whether using abundant materials, often a claim made for AlBs
(and other NGBs), is truly beneficial.

It is shown that at the cell level Al-gra, Al-TiO,, and Al-KV,05
have high GWPs, due to lower specific energies and/or high
GWPs per mass (Fig. 4(A)). Overall, the cathodes contribute
more than half of the GWP for the concepts based on inorganic
cathodes, whereas for AlBs based on organic cathodes the
electrolyte and the cell assembly add up to ca. 40% of the total
GWP, and for Al-gra and Li-DIBs this even makes up 75%.
Compared to the literature, our result for LIB-NMC is slightly
lower than for similar cells for EVs produced in gigafactories
from low carbon energy,** again mostly due to our high-energy
cell design.
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At the BESS level (Fig. 4(B)), the main contributions to the
GWPs do come from the cell materials. However, the concepts
with lower volumetric energy densities require more housing
materials, mainly Al and steel in the larger packs and for the
BESS containers. For these concepts the use of recycled Al
would provide only marginal reductions of the total GWP at
the cell level, but together with the use of low-carbon a
reduction of ca. 35% at the BESS level can be obtained.
Recycling of cell materials could clearly reduce the net GWPs,
but yet the benefits are most likely larger for concepts based on
more precious materials, e.g. LIB-NMC, than for concepts based
on more abundant materials.*> Although the minor GWP
analysis here enables basic comparisons, detailed LCAs are
required for more complete evaluations of the AlB-concepts.

The CSPs present clear advantages for most AlBs (except for
Al-gra and Al-KV,0s) at the cell level (Fig. 4(C)). For the AlBs
based on organic cathodes and even more so for Al-gra, the
majority of the CSP comes from the Cl in the electrolyte. For the
concepts based on inorganic cathodes, some of the metals used
(V, Ni, Co, and Li) have an effect that cannot even be offset by
the high specific energy of the LIB-NMC cells, or for Al-KV,0s5.
However, the low CSP of Ti renders a sufficiently low CSP per
mass for the Al-TiO, design (Fig. 4(C)) to counter its low specific
energy density, and the resulting CSP is almost as low as that
for the organic AlBs. Although Li contributes a significant and
similar (ca. 1800 kg Si eq. per kW h) amount to the CSPs in both
LIBs and Li-DIB, Ni contributes even more with ca. 54% of the
CSP for the NMC cathode. Furthermore, for LIBs the negative

200 "
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Fig. 4 Environmental performance at cell and BESS levels. (A) GWPs at the cell level. The numbers above the bars are the GWPs per mass (kg CO, eq. per
kg). (B) GWPs at the utility-scale BESS level. (C) CSPs at the cell level. The numbers above the bars are the CSPs per mass (kg Si eq. per kg). (D) CSPs at the

utility-scale BESS level.
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CC that has to be made from Cu has a large impact on the total
CSP, notably >50% for Li-DIB (that anyhow has a rather
average total CSP due to the low contribution from graphite
electrodes).

At the BESS level (Fig. 4(D)), the concepts with lower volu-
metric energy densities, thus the same problematic cases as in
the economic analysis and for the GWP above, require more
wires connecting the larger number of cells inside the pack and
BESS containers. Hence, the relative difference in CSPs between
AlBs and LIBs becomes smaller when electronics and Cu-wires
are also considered. These in fact add up to ca. 60% of the CSP
for Al-PPQ, Al-PBQS, Al-TiO, and Al-MnO,, but nonetheless,
BESSs based on AI-PBQS and in particular Al-MnO, have
significantly lower CSPs than any BESS built from LIB cells
and packs. As a side-note, the latter LIB-LFP reassuringly comes
out to be significantly better than LIB-NMC and Li-DIB.

Conclusions

In this article, we have evaluated the performance of various
AlIB concepts based on demonstrated material properties and
designs similar to current LIBs. We find that while the low
volumetric energy densities hamper Al-gra, next generation
organic and inorganic AlBs remain promising. The added value
of including performance in all most important aspects is
stressed; e.g. for Al-TiO, the technical performance is relatively
poor, the cell level material cost and CSP are fair, and the
system lifetime costs and GWP become prohibitive. Overall, the
development of novel materials for AlBs, and for NGBs in
general, would thus benefit from including estimates of per-
formance in a broad sense, and if not at a complete system level
at least at a cell level looking at cell energy density, materials
costs and CSP.

Yet, most experimental AlB-studies use comparatively low
areal capacity cathodes and combine these with a large excess
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of Al anodes and electrolytes, while optimised electrolyte and
electrode loadings are ultimately needed. Lean electrolyte con-
ditions could, however, lead to severely reduced power perfor-
mance, as observed for Al-gra,*® and the latter could give rise to
current densities (for AI-MnO, ca. 5 mA cm™?) higher than
optimal for the 2D-foil Al-anodes, which could be mitigated by
introducing 3D-anodes.'®*” Furthermore, the cycle-life we
assume here has so far only been achieved for Al-gra,"* and
fully reversible cell reactions for Al-MnO, likely require the
development of completely novel electrolytes.”® Overall, e.g. Cl-
free electrolytes*® could reduce the CSP by more than half at the
cell level, all other things being equal.

Even for the most promising AIB concepts, the excellent
performance at the cell level still provides relatively small
improvements at the BESS level as compared to LIBs, both in
terms of costs and GWPs. Modern cell to pack designs have
improved the energy densities at the pack level,* and alter-
native BESS designs optimized for AlBs could similarly provide
relative benefits. Combining these there are thus both signifi-
cant promise and challenges for the various AlIB concepts.

The efforts needed to tackle the above challenges are moti-
vated by the promise of AlBs to reach the KPIs for stationary
storage by 2030 (Table 2). Although all AIB concepts are based
on materials of relatively low cost and environmental impact,
these are preferably also to be combined with sufficiently high
energy densities, as obtained e.g. for AI-PBQS and Al-MnO,.
Table 2 shows that while the here considered AIB concepts
based on organic cathodes do not meet the KPIs for the energy
densities at the cell level, they perform (very) well for the
economic KPIs, while the AI-MnO, AIB both reaches the tech-
nological KPIs and has the best CAPEX at the BESS level (but
still, at present, falls behind in OPEX due to its lower energy
efficiency).

Yet, the main benefit of the AIB concepts will anyhow likely
be their low CSPs, lacking appropriate LCAs, indicating not
only that AlBs could be more sustainable in long-term than

Table 2 Properties relative to KPIs of the conceptual designs of cells, packs, and BESSs. For GWP and CSP no KPIs exists, why LIB-LFP is set = 100%

Cell level System level

Specific Volumetric

Energy Energy

Density  Density Cell Costs GWP cspP Pack cost CAPEX OPEX GWP cspP

Concept [kg CO, eq. [kgSieq. [S/kWh [S/kWh [kg CO, eq. [kgSieq.

[Wh/kg] [Wh/L] _ [S/kwh]  /kwh] /kWh] | [S/kWh] /cycle] /cycle] /kWh] /kWh]
KPIs 2030 250 700 70 85 0.03 0.05
Al-gra 21% 10% 178% 223% 173% 309% 226% 86% 307% 243%
Al-PPQ 49% 26% 55% 124% 50% 152% 129% 86% 152% 96%
Al-PBQS 79% 41% 34% 76% 35% 110% 104% 86% 100% 73%
Al-TiO, 22% 23% 103% 485% 48% 238% 170% 177% 428% 101%
Al-KV,05 63% 54% 93% 169% 138% 162% 125% 91% 160% 120%
Al-MnO, 109% 128% 33% 72% 24% 84% 85% 107% 73% 43%
LIB-NMC 143% 124% 84% 83% 202% 116% 100% 83% 83% 151%
LIB-LFP 105% 87% 67% 46 3871 109% 98% 82% 61 6879
Li-DIB 60% 25% 162% 109% 120% 225% 163% 82% 145% 164%
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LIBs, but also that they will be less susceptible to supply
shortages during the ongoing and increasing fast growth in
demand for energy storage.**! All in all, this implies that AlBs,
with either organic or inorganic cathodes, could become a
complementary technology to LIBs and readily enable a faster
transition to a more sustainable global low-carbon energy
system.

Methods

Technical performance

The material properties and costs were mainly obtained from
BatPaC (version 5.0).° The properties of materials needed for
the AlBs that are not included in BatPaC should be considered
as optimistic, but anyhow realistic estimates, with some con-
tinued advancement. The capacity we use for PBQS is based on
a similar utilization of the theoretical capacity to that observed
for Al-PPQ (ca. 70%),>° and demonstrated in LIBs,*® but not yet
for AlBs."® In the cells using inorganic cathode active materials,
the electrolyte volume was set by the volume of the pores in
electrodes and separator combined, while for AlBs with graphi-
tic or organic cathodes, and for Li-DIB, the electrolyte was set to
balance the capacity. For all of the latter cells, the separator
thickness was set to provide sufficient pore volume to incorpo-
rate the electrolyte needed.>** For each stack, current collec-
tors and the volume needed for electrode expansion are added.

The intended application, daily energy arbitrage with charge
(and discharge) in 4 h, means a cell design optimized with
respect to energy density, but with lower power density
demand, i.e. a high E/P number. Here we assume an electrode
thickness of 200 um, which is challenging but possible.***' For
the AlBs the anode capacity is at least in 50% surplus, due to
the need for the Al metal combined anode and CC to keep its
mechanical integrity also when the cell is fully discharged. The
AlBs use a cathode CC of 14 um Al foil coated on both sides with
500 nm of dichromium nitride (Cr,N) to prevent corrosion in
the Cl-containing IL-based electrolyte.>" All LIBs use an anode
CC of 10 pm Cu foil and a cathode CC of 15 pm Al foil.*® In the
stack assembly, double-coated electrodes are assumed and
hence the CC thickness is shared.*” The pouch cells are 2 cm
thick with the anodes set to be 30 cm long and 10 cm wide (and
the cathodes 2 mm less in each lateral dimension).

Also at the pack level, BatPaC provided properties and costs
of the components.*® For each cell chemistry, the material
properties and module configuration were adjusted to give
similar pouch cell sizes and energy densities in the BatPaC-
model to those in the conceptual cells. The packs were set to
provide ca. 960 V and ca. 350 kW h usable energy (85% of the
installed energy). The BESS modelled is to provide 60 MW
during 4 h, i.e. 240 MWh usable capacity, and was based on
modular 40 ft ISO shipping containers with packs of battery
modules together with structural and electronic balance of
system (BOS) in addition to the power conversion system
(PCS).>*** The volume of the battery packs was set to be 35%
of the container volume.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Economic performance

From the materials contents, the materials costs were calculated
at the cell-level. The costs of materials in AlBs not included in
BatPaC were obtained from other techno-economic analyses:
graphite and separators from DIBs;** organic cathode materials
from disulfonic acid, as a proxy for both PPQ and PBQS;** and
inorganic cathode materials from various literature sources: TiO,,>
V,0s as a proxy for K, 5V,05,°® and MnO,.”” The cost of the IL-based
electrolyte was obtained from a cost analysis of Al-gra."" The cost of
the CC coating was obtained from costs of the thin films of Cr,>
adjusted for the sputtering conditions for Cr,N.**

BatPaC provides costs for purchased items and non-
materials. The latter include costs of depreciation (for a “Giga-
factory” producing 100000 packs ie. ca. 40 GWh per year),
direct labor, and overheads.*® Purchased items include e.g.
cell-interconnects and SOC-controllers in module enclosures
assembled into a pack with interconnects and a battery man-
agement system (BMS) enclosed in a battery jacket. From the
complete costs for the construction of a BESS of 60 MW up to
4 h duration, the costs per MW and per container could be
obtained for structural BOS, electrical BOS, installation, PCS,
and overheads, respectively.’® The OPEX was obtained from the
costs for daily full charging with electricity at an average cost of
0.03 $ per kW h, over a life-time of 20 years, for operation and
maintenance.’

Environmental performance

From the material contents, the environmental impacts were
calculated. The GWPs for materials in LIBs and packs were
obtained from LCAs performed for LIB-NMC and LIB-LFP.?”*°
The specific GWPs for materials exclusively found in AlBs and
cell assembly (for both AlBs and LIBs based on renewable
electricity only) were obtained from a LCA made for Al-gra.*®
The GWPs of cathode materials in AlBs were calculated from
LCAs for calix[4]quinone as a proxy for PPQ and PBQS,*" and for
Ti0,,%® V,05 as a proxy for K, 5V,05°¢ and Mn,0.%* The GWP for
the AIB IL-based electrolyte was obtained by combining the
GWPs for the AICI; salt and the [EMIM]CI IL.>* The GWP of
the CC-coating was calculated from LCA for sputtered Cr.*®

The CSPs for virgin crust elements were used, except for Cl and
Cu for which the CSPs were weighted to also account for supplies
from other sources, sea-water and recycling, respectively.*® For the
CSP of the electrical BOS and PCS, the electronics were assumed to
have the compositions as inverters in EVs.*
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