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Advancing battery design based
on environmental impacts using
an aqueous Al-ion cell as a case
study

N. Melzack

The drive to decarbonise our economy needs to be built into our technology development, particularly
in the energy storage industry. A method for creating performance targets for battery development
based on environmental impact is presented and discussed. By taking the environmental impact
assessments from existing lithium-ion battery technology—it is possible to derive energy density,
cycle life and % active material targets required to achieve equal or better environmental impacts

for emerging technologies to use. A parameter ‘goal space’ is presented using this technique for an
aqueous aluminium-ion battery in its early development. This method is based on the main reason for
battery technology advancement—the mitigation of climate change and the reduction of overall CO,
emissions in society. By starting out with targets based on emission data, sustainability will be at the
centre of battery research, as it should be.

Continued development and improvement of energy storage technologies are a major driver for battery research.
Therefore, it is important that the goals of research match the goals of industry in terms of performance met-
rics (such as available power, energy, lifetime). These goals can be based on a mix of customer expectations or
requirements—this is driving the research into ‘fast charging’ electric vehicles, aimed to mimic the ease of a petrol
station!. The goals may also be based on theoretical energy density, or the specific requirements of an assumed
application, such as stationary storage*=. Presently, many battery technologies are now setting goals based on
competing with the current market—namely Li-ion which has a monopoly on battery technology. This is mainly
defined in terms of capacity, cycle life and temperatures over which a battery operates. However, as the pressure
to electrify our society is primarily driven by the need to reduce CO, emissions and promote sustainable develop-
ment—it may be useful to use environmental impacts as a means of setting performance goals.

The life cycle assessment (LCA) is a tool used to determine the overall environmental impacts of a product
life cycle. From the acquisition of raw materials, through manufacturing, use and end-of-life, the impacts for a
variety of categories can be estimated, such as global warming potential (GWP), water use, and o-zone depletion
in the upper atmosphere. Importantly though, environmentally informed decisions can then be made based
on these estimates, to reduce impacts in future product iterations. There have been many studies looking at
the environmental impact of a range of battery technologies, including Li-ion®® as well as sodium-ion>'® and
aluminium-ion battery technologies>''2. Other energy storage devices, such as capacitors and supercapacitors
have also been subject to these environmental impact assessments'*!4,

This paper proposes the use of existing LCA information for established energy storage technology (i.e.
capacitors and lithium-ion batteries) to derive environmentally based performance goals for future technolo-
gies. In using this approach, goals become being at least as good as, if not better, for the environment than the
contemporary technology—which again, is the main driver for the transition to energy storage systems. Using
an example emerging technology—the aqueous aluminium-ion battery'>—performance goals will be derived
based on the GWP of Li-ion batteries (from'®!7).

An initial LCA of the aqueous Aluminium-ion (aq. Al-ion cell)!! provides the current state of the technology,
which is still a bench-based design at a low technology readiness level (TRL) of 1/2. This battery is an interesting
example, as it behaves much like a supercapacitor in that it has a high power discharge compared to its energy
density'. Aluminium as an energy storage choice presents itself as inherently sustainable—it is the most abundant
metal in the earth’s crust'®'’, and there is already an established circular economy for this metal, including the
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Impact category Al-ion competitive functional energy density (kWh kg™')
Acidification terrestrial and freshwater (Mole of H +eq.) 3214
Cancer human health effects (CTUh) 533.2
Global warming potential (kg CO, eq.) 200.7
Ecotoxicity freshwater (CTUe) 383.1
Eutrophication freshwater (kg P eq.) 557.6
Eutrophication marine (kg N eq.) 311.4
Eutrophication terrestrial (Mole of N eq.) 330.8
Tonising radiation—human health (kBq U235 eq.) 2212
Land use (Pt) 130.8
Non-cancer human health effects (CTUh) 354.5
Ozone depletion (kg CFC-11 eq.) 7384.6
Photochemical ozone formation—human health (kg NMVOC eq.) 294.6
Resource use, energy carriers (MJ) 227.7
Resource use, mineral and metals (kg Sb eq.) 274.3
Respiratory inorganics (kg PM2.5 eq.) 568.8
Water scarcity (m® world equiv.) 805.9

Table 1. Al-ion competitive functional energy density when compared with Li-ion values per kWh from
(Siret!¢).

recycling and re-use'®?*"22. Compared to lithium, which is scarce (0.002% earth’s atmosphere, compared to ~8%
for Al'®) and has no established recycling route?*-?°. Further, Al has a high density (2.7 g cm® @25 °C) leading to a
volumetric energy density of nearly four times Lithium, 8.04 Ah cm™ and 2.06 Ah cm respectively?*-?%. Metallic
Al also has high theoretical energy capacity and energy density (2981 mAh g™ and 4140 Wh kg™! respectively).
When viewing this alongside the high abundance, safety and established circular supply chain—the sustainability
of Al as a charge carrier becomes clear.

The early stage of the aq. Al-ion technology means there is scope to tailor its development direction, and
using the method laid out in this paper, that direction can be towards sustainability. Both the functional energy
density of the battery and the overall proportion active material goals will be set.

The functional energy density of a battery is defined by the amount of energy it can produce over its useful
lifetime, defined as (Eq. 1)

Functional energy density (kWh kgfl) = Energy density per discharge (kWh kgfl) W

x number of lifetime cycles

We can improve this metric for a given battery by focusing on increasing the energy density of the cell itself
over one discharge and/or increasing the number of cycles over the lifetime. If this can be achieved in tandem
with development of more sustainable manufacturing practices, such as energy efficiency and less waste pro-
duced, then the overall environmental impacts can be reduced. By increasing the active material proportion of
the battery design (the useful material that performs the electrochemical reactions), this means less support
material (such as battery casing) will be required per kWh produced.

Results

Functional energy density. The current reported functional energy density for the aq. Al-ion cell is
26.5 kWh kg%, This value combines the reported lifetime of 1750 cycles, with the reported discharge energy of
~15 Wh g'">. This is based on the mass of active material within the cell, and not the total mass of the battery.
An average Li-ion cell has a functional energy density of ~500 kWh kg™'®* when used in an electric vehicle.
If, however we look at the required functional energy density of the aq. Al-ion cell to match the GWP of Li-ion
(based on values from'®), we see a different value —200.7 kWh kg™'. This is the performance value required to
be competitive with Li-ion on GWP, the competitive functional energy density (CFED). While still an order of
magnitude larger than the current reported value, it is about 40% that of Li-ion technology itself. There are six-
teen impact categories reported in both'"'¢ and the CFED for each category is presented in Table 1.

The CO,/GWP values are plotted in Fig. 1 rounded to the nearest 100 kWh kg™. To compete on GWP for
example, if we did not increase the discharge capacity from 15 Wh kg™!, and focussed mainly on increasing cycle
life—the performance goal would become 14,000 cycles. This value would require developments to increase cell
lifetime by 12,250 cycles. This goal may be attainable, as the individual electrodes of the aq. Al-ion cell have been
reported as having a 28,000* and 5000°! cycle lives. Looking closer at Fig. 1, we can identify the different areas of
the curve. Below the curve is the development zone, where the battery design is not competitive environmentally,
and therefore requires design progression and research to become competitive. This is where the aq. Al-ion cell
currently sits. At or above the curve, the technology is environmentally competitive. It is important to note that
the development zones and competitive zones will look different for each impact category, and that this is not
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Figure 1. Competitive parameter space representing the CFEDs required to match Li-ion in CO, emissions,
the line represents the 200 kWh CFED, with the space below being the development space, and the space above,
where the design is environmentally competitive.
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Figure 2. Relative environmental impacts and required CFEDs, normalised from!’.

a perfect metric—as these aq. Al-ion cells are low energy density. The key point remains though, that using the
current market leader as a comparison, design development can still be guided.

It is clear that for each impact category, the CFED will differ, and so this can become a multi-faceted problem,
with solutions dependent upon which environmental impact is used to calculate performance goals. What is
clear when looking at this table, is that the global warming potential based CFED (200.7 kWh kg™) is near the
lower end of values, with results ranging from 130 kWh kg™ for land use, to 7385 kWh kg™ when looking at
O-zone depletion in the upper atmosphere. Figure 2 presents the normalised required CFEDs alongside the rela-
tive environmental impact of each category. It is more helpful to look at the CFEDs required for the five overall
highest environmental impact categories based on'!. These are respiratory inorganics, resource use, energy car-
riers and minerals and metals, climate change, and acidification of water. The CFEDs required here, range from
200.7 (climate change) to 568.8 kWh kg™ (respiratory inorganics).
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Cell chemistry GWP (kg CO, eq.) | Al-ion competitive functional energy density (kWh kg™)
Lithium iron phosphate-carbon 0.078 1671.9
Lithium iron phosphate-lithium titanate | 0.0251 5168.8
Lithium cobalt oxide-carbon 0.093 1395.0
Manganese spinel oxide-carbon 0.071 1837.6
Nickel, manganese, cobalt-carbon 0.086 1515.6
Nickel, aluminium, cobalt-carbon 0.068 1904.8
Average 0.070 1853.0

Table 2. Averaged competitive functional energy density for a variety of Li-ion chemistries—values taken
from (Peters et al.”).
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Figure 3. Components of the aq. Al-ion cell (taken from Melzack et al.!!).

To include a broader number of Li-ion reports and chemistries for comparison, global warming potential
(GWP), reported as kg CO, eq. per kWh, was isolated for performance goal setting. GWP has been chosen pri-
marily because it is a key metric to monitor in order to mitigate climate change, due to this the majority of LCA
or environmental impact analyses include GWP, whereas other impact categories are less likely to be calculated
or reported.

Taking the GWP values averaged in Peters et al.’, for different Li-ion cell chemistries a wider picture can be
drawn. Table 2 shows the resulting CFED values the aq Al-ion cell would need to meet. These are far higher than
those calculated above from', ranging from 1395 kWh kg™! for lithium cobalt oxide, to 5168 kWh kg™ for the
lithium iron phosphate chemistry. A reason for this, is that the studies averaged in Table 2 were all produced
using slightly differing methodologies, while they are all cradle-to-gate LCA analyses, the methodologies may
have had an impact on the final reported impact. The methodology used in'! was based on'® which may also
explain the lower values presented above.

If we look at the averaged value for all the Li-ion chemistries listed in Table 2, the resulting Competitive
Functional Energy Density is 1853 kWh kg™'. To meet this goal for the aq. Al-ion cell the lifetime would need to
increase to around 120,000 cycles (if 15 Wh kg™ were maintained). This is roughly ten times more cycles than the
14,0000 derived from'®, and thus nearly 100 times more cycles than the current state of technology. The parameter
space presented here is most likely not practical for Aqueous Al-ion battery. There are many advancements in
similar aqueous Al-ion batteries, such as®?, an aq. Al-ion cell, with TiO, and graphene electrodes, this reported
energy density of 37.5 Wh kg™ and a cycle life of 1000—resulting in a FED of 37.5 kWh kg™'. Another aq. Al-
ion cell with MnO, and pre-treated Al electrodes has a high energy density of 481 Wh kg%, however the low
cycle life reported—65—results in a FED of 31.3 kWh kg™'. These examples, while similar to that designed in'!,
have not produced environmental impact assessments or LCAs, and so the direct comparison and targets may
not be fully applicable. Keeping with the initial aq. Al-ion battery described, the high cycle life required is less
practical, butby combining an increase in performance with an increase in % active material, the impractical
goals may become slightly more feasible.

Competing on active material proportion. The components that make up the aq. Al-ion cell are
reported in the life cycle inventory in''—and presented in Fig. 3.The cell is made up of the electrolyte, current
collector, electrode substrate, electrode active layers (including the active materials of TiO, and copper hexacy-
anoferrate (CuHCF) and the casing). When evaluating the proportion of active material, to the rest of the cell, it
can be shown that only 0.5 wt% of the entire cell is electrochemically active. The remaining 99.5 wt% is support
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% active material | Total mass of cell (kg) | Climate change (kg CO, eq.) per kWh
0.5 7 4.93
1 3.8 3.62
5 0.76 0.98
10 0.38 0.61
20 0.19 0.41
30 0.12 0.35

Table 3. Resulting climate change per functional kWh impacts for different % active material for the aq.
Al-ion battery from OpenLCA results.
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Figure 4. Competitive parameter space representing the functional energy density required to match Li-ion
climate change impacts for a given % active material, compared to (a) (Siret'®) and (b) (Peters et al.”).

material, such as battery casing. This is not unreasonable for a low TRL (Technology Readiness Level) technol-
ogy, being developed in a lab environment. However, when compared to Li-ion batteries, where the propor-
tion of active material is often closer to 30%%%, there is clearly a large discrepancy. This 30% value itself could
be a valid goal for increasing active material to match that of Li-ion. However, within this work, we propose
increasing the % active material (or reducing the amount of support material), to evaluate the overall impact on
GWP this has. Using the model from'!, and OpenLCA software version 1.10.3%*, active material proportion was
increased (or rather the support material was scaled down) to assess the GWP at a variety of % active material
designs, are reported in Table 3.

These resulting values of climate change impact were then compared to the Li-ion values reported in the
previous section. From this, the resulting competitive functional energy density required for differing % active
material were calculated. Both the averaged values from Peters et al. and Siret et al.”'® were used to create two
parameter spaces—which are presented in Fig. 4. Each line represents the CFED for a given % active material,
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Capacitor type GWP (kg CO, eq.) | Al-ion competitive power density (kW kg™')
Graphene super capacitor 2.53 51.58
Activated carbon supercapacitor 1.05 124.29
MLCC 1.13 115.49
TEC 29.6 4.41

Table 4. Competitive functional power density for a variety of capacitors.

with the current reported values for the aq. Al-ion cell (15 Wh kg% and 1750 cycles'’) marked as a black square.
If looking at Fig. 4a, the current aq. Al-ion cell sits on the 10% active material line—however we know that the
current % active material is only 0.5%. Therefore, if the performance of the cell remained the same, but the design
changed such that we reach 10% active material, then the cell would be competitive with the Li-ion based on
climate change impacts—according to'®. This is 20 times increase in active material, which could be achieved
by looked at thinner electrode substrates, elly roll’ designs such as those used in cylindrical cells, or by using a
more porous electrode substrate (such as a carbon felt) to allow a higher surface area for electrochemical reac-
tions. This could be done alongside achieved by investigating alternative thicknesses or materials for battery
casings. When looking at Fig. 4b, the current position of the aq. Al-ion is below the parameter space. Therefore,
a combination of performance improvement and increasing % active material is necessary to compete. If the
discharge capacity remained the same, and cycle life increased to 10,000—then we would require 30% active
material to become competitive.

Comparison to capacitors. While comparing to the current market leader in energy storage is useful in
providing development goals, it is important to ensure that the comparison is fair and directs design changes.
For the aq. Al-ion cell, there is speculation that due to its high power density (300 W kg™!) compared to its low
energy density (15 Wh kg™), it may behave more like a capacitor'’. Therefore, a comparison with capacitors’
and supercapacitors’ GWP results from'>!* in terms of the functional power density was made. Equation 1. was
rewritten as

Functional power density (kW kg~') = Power density per discharge (kW kg™")

x number of lifetime cycles

and used to calculate the CFPD for the Aq. Al-ion cell as 525 kW kg™'. This was used to compare to supercapaci-
tors and capacitors respectively—with the resulting competitive functional power density reported in Table 4. The
four capacitors were—Graphene Supercapacitor, Activated Carbon Supercapacitor, Multilayer Ceramic Capacitor
(MLCC) and Tantalum Electrolytic Capacity (TEC).

Given that the current value of Functional Power Density for the aq. Al-ion cell is 525 kW kg, the design is
already competitive environmentally with the reported capacitors.

Conclusion

This paper has demonstrated the use of environmental impact assessments to create a parameter space
which informs the performance development goals of emerging energy storage technologies. The aim of this
analysis was to bring the focus of technology development back to climate change mitigation, the key reason for
this industry’s success in recent years, and ensure that sustainability is one of the key parameters considered in
the lab when designing new technology. Combining results from LCAs with real measured data and the expertise
of the research sector, more holistic performance goals can be set for our energy storage technology.

Using the example of aq. Al-ion batteries, realistic, environmentally evidenced performance goals can be
set which will inform the direction of development. Increasing the proportion active material will be a primary
focus of the case study example, however this may not be true for other technologies while using this method.
The analysis is not a replacement for other modes of setting targets and goals, it is an additional tool to ensure
that we consider the environmental impacts of our work as a key driver in the direction we take it.

Methodology
Competitive functional energy density. In order to have a fair comparison, the production and manu-
facturing inputs were added to the life cycle inventory from'!. Therefore the production of the aq. Al-ion bat-
tery was added to the model and normalised to the kg output. OpenLCA?** software was used to run a Euro-
pean Union Environmental Footprints Midpoint analysis for the cradle-to-gate section of the life-cycle, and the
results were derived per lifetime kWh.

For each environmental impact category calculated in an LCA, and listed in Table 1, the impact per kWh for
the aq. Al-ion cell and the average Li-ion cell are taken, using the equation

Al-ion impact value  Al-ion kg per functional kWh

)

Li-ion impact value ~ ‘Competitive’ kg per fuctional kWh

the value for the ' Competitive functional energy density’ is calculated by
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Al-ion kg per functional kWh x Li-ion impact value ) ™'
‘Competitive’ functional energy density = 1011 % per THne 1.0na' > _I-lof Impactvane 3)
Al-ion impact value

and using Eq. (1), realistic values for the cycle life or discharge capacity can be inferred.

For example, with overall Global warming potential (GWP) the average Li-ion impact from'¢is 6.45x 10" kg
CO, eq., and the Al-ion (baselines) value is 4.93 x 10* kg CO, eq"!. Given the current value of kg per functional
kWh is 0.038 kg kWh™!, Eq. (3) becomes

(4)

0.038 X 6.45 x 101)‘1

‘Competitive’ functional energy density = ( 193 % 100
.93 x

‘Competitive’ functional energy density =200.7 kWh kg™'.
The functional power density is acquired in a similar way:

Al-ion kg per functional kKW x Capacitor impact value \ ~*
‘Competitive’ functional power density = ( 1on Xg per un;;gna - Xt a{) actor impact va ue)
-ion impact value

For example, with overall Global warming potential (GWP) the average Graphene super capacitor from'* is
2.53x107%kg CO, eq., and the Al-ion (baselines) value is 4.93 x 10** kg CO, eq.!’. Given the current value of kg
per functional kW is 0.002 kg kW~!!!, the equation becomes

0.002 x 2.53 x 10+0)‘1

‘Competitive’ functional power density = ( 2.6 x 107!
O X

‘Competitive’ functional power density =51.58 kW kg™'.

Determining the % active material.  Using the baseline life cycle inventory model in OpenLCA from
the existing model used in'! with the mass of 0.038 kg active material (reported in''), remaining supporting
materials of carbon polymer electrode substrate, PEEK casing, copper current collector and electrolyte were
reduced in order to achieve 1%, 5%, 10%, 20% and 30% active material proportion. The manufacturing inputs
of electricity and water were scaled to the total calculated mass. The European Union Environmental Footprints
Midpoint analysis was performed, and results presented for a cradle-to-gate section of the lifecycle per lifetime
kWh. Results were compared to those from”'® in a similar manner to the previous section. Focusing on climate
change (or GWP) impacts, due to availability of data, a ‘goal space’ of active material % were then derived. This is
a top-level assessment looking at the current design to provide a guideline idea of the point at which it becomes
environmentally competitive with Li-ion.

Converting capacitor GWP results to per kW to compare. The results of LCAs into capacitors were
not reported in terms of per kW, and therefore conversions were made to allow for comparison. Values from'*
were adapted as described in'!.

The conversion into the lifetime impact per kW from?® were adapted via the following method;

1. Values were reported in impacts per kg for an MLCC and a TEC
Energy per capacitor was calculated using E = 1/2CV? where capacitance (C) is 1uE and V is the rated
voltage provided by datasheets (16 V for the MMLC and 25Vfor the TEC)**3¢

3. Energy was converted into lifetime power by multiplying by the lifetime - given the lifetime testing for
capacitors is 1000 h this is the value assumed

4. 'The lifetime power per capacitor was then multiplied by the number of capacitors reported in [111] used to
calculate per kg impacts

5. The resulting value here was the lifetime kW kg™!, so taking the inverse gives kg kW ™!

6. Multiplying the calculated kg KW by the reported impacts in per kg provides the equivalent per kKW impacts

Data availability

The datasets analysed during the current study are available in the supplementary documentation for © at https://
doi.org/10.1016/j.jclepro.2017.10.016, the supplementary documentation of ' at https://www.frontiersin.org/
articles/10.3389/fenrg.2021.699919/full#supplementary-material , and within'®.

Received: 15 February 2022; Accepted: 20 May 2022
Published online: 26 May 2022

References
1. Tang, W. et al. Aqueous rechargeable lithium batteries as an energy storage system of superfast charging. Energy Environ. Sci. 6(7),
2093-2104 (2013).
2. Salgado Delgado, M., Usai, L., Ellingsen, L.-W., Pan, Q. & Hammer Stromman, A. Comparative life cycle assessment of a novel
Al-ion and a Li-ion battery for stationary applications. Materials 12, 3270 (2019).
3. Shahjalal, M. et al. A review on second-life of Li-ion batteries: Prospects, challenges, and issues. Energy 241, 122881 (2022).

Scientific Reports |

(2022) 12:8911 | https://doi.org/10.1038/s41598-022-13078-4 nature portfolio


https://doi.org/10.1016/j.jclepro.2017.10.016
https://doi.org/10.1016/j.jclepro.2017.10.016
https://www.frontiersin.org/articles/10.3389/fenrg.2021.699919/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenrg.2021.699919/full#supplementary-material

www.nature.com/scientificreports/

4. Alhamali, A., et al. Review of energy storage systems in electric grid and their potential in distribution networks. In 2016 Eighteenth
International Middle East Power Systems Conference (MEPCON) (2016).
5. Giir, T. M. Review of electrical energy storage technologies, materials and systems: Challenges and prospects for large-scale grid
storage. Energy Environ. Sci. 11(10), 2696-2767 (2018).
6. Peters, J. F. & Weil, M. Providing a common base for life cycle assessments of Li-ion batteries. J. Clean. Prod. 171, 704-713 (2018).
7. Peters, J. F. et al. The environmental impact of Li-ion batteries and the role of key parameters—A review. Renew. Sustain. Energy
Rev. 67, 491-506 (2017).
8. Kim, H. C. et al. Cradle-to-gate emissions from a commercial electric vehicle Li-ion battery: A comparative analysis. Environ. Sci.
Technol. 50(14), 7715-7722 (2016).
9. Suo, L. et al. “Water-in-salt” electrolyte makes aqueous sodium-ion battery safe, green, and long-lasting. Adv. Energy Mater. 7(21),
1701189 (2017).
10. Peters, J. et al. Life cycle assessment of sodium-ion batteries. Energy Environ. Sci. 9(5), 1744-1751 (2016).
11. Melzack, N., Wills, R. & Cruden, A. Cleaner energy storage: Cradle-to-gate life cycle assessment of aluminum-ion batteries with
an aqueous electrolyte. Front. Energy Res. https://doi.org/10.3389/fenrg.2021.699919 (2021).
12. Ellingsen, L. A. et al. Environmental screening of electrode materials for a rechargeable aluminum battery with an AICI3/EMIMCI
electrolyte. Materials 11(6), 936 (2018).
13. Smith, L. et al. Life cycle assessment and environmental profile evaluations of high volumetric efficiency capacitors. Appl. Energy
220, 496-513 (2018).
14. Cossutta, M. et al. A comparative life cycle assessment of graphene and activated carbon in a supercapacitor application. J. Clean.
Prod. 242, 118468 (2020).
15. Holland, A. et al. An aluminium battery operating with an aqueous electrolyte. J. Appl. Electrochem. 48(3), 243-250 (2018).
16. Siret, C., Tytgat, J., Ebert, T. & Mistry, M. Product environmental footprint category rules for high specific energy rechargeable
batteries for mobile applications. In The Advanced Rechargeable and Lithium Batteries Association (RECHARGE, 2018).
17. Smith, B. D., Wills, R. G. A. & Cruden, A. J. Aqueous Al-ion cells and supercapacitors—A comparison. Energy Rep. 6, 166-173
(2020).
18. US Geological Survey. Mineral Commodity Summaries 200 (US Government, 2020).
19. Abundance of elements in the earth’s crust and in the sea. In Handbook of Chemistry and Physics, 14-17 (CRC, 2016-2017).
20. Soo, V. K. et al. Sustainable aluminium recycling of end-of-life products: A joining techniques perspective. J. Clean. Prod. 178,
119-132 (2018).
21. Gronostajski, J., Marciniak, H. & Matuszak, A. New methods of aluminium and aluminium-alloy chips recycling. J. Mater. Process.
Technol. 106(1-3), 34-39 (2000).
22. Lazzaro, G. & Vittori, S. Metal and energy saving by direct and continuous extrusion of aluminium scraps. In Proceedings of the
121st TMS Annual Meeting, Unknown Date of Meeting, San Diego, CA (1992.
23. Ciez, R. E. & Whitacre, J. F. Examining different recycling processes for lithium-ion batteries. Nat. Sustain. 2(2), 148-156 (2019).
24. Huang, B. et al. Recycling of lithium-ion batteries: Recent advances and perspectives. J. Power Sources 399, 274-286 (2018).
25. Prior, T. et al. Sustainable governance of scarce metals: The case of lithium. Sci. Total Environ. 461-462, 785-791 (2013).
26. Das, S. K., Mahapatra, S. & Lahan, H. Aluminium-ion batteries: Developments and challenges. J. Mater. Chem. A 5(14), 6347-6367
(2017).
27. Elia, G. A. et al. An overview and prospective on Al and Al-ion battery technologies. J. Power Sources 481, 228870 (2021).
28. Faegh, E. et al. Practical assessment of the performance of aluminium battery technologies. Nat. Energy 6(1), 21-29 (2021).
29. Ellingsen, L.A.-W. et al. Life cycle assessment of a lithium-ion battery vehicle pack. J. Ind. Ecol. 18(1), 113-124 (2014).
30. Holland, A. et al. CuHCF as an electrode material in an aqueous dual-ion Al3+/K+ ion battery. Energy Procedia 151, 69-73 (2018).
31. Holland, A. W. et al. TiO, nanopowder as a high rate, long cycle life electrode in aqueous aluminium electrolyte. Mater. Today
Energy 10, 208-213 (2018).
32. Nandi, S., Lahan, H. & Das, S. K. A proof of concept for low-cost rechargeable aqueous aluminium-ion batteries. Bull. Mater. Sci.
43(1), 26 (2019).
33. Wu, C. et al. Electrochemically activated spinel manganese oxide for rechargeable aqueous aluminum battery. Nat. Commun. 10(1),
73-73 (2019).
34. Ciroth, A. ICT for environment in life cycle applications openLCA—A new open source software for life cycle assessment. Int. J.
Life Cycle Assess. 12(4), 209 (2007).
35. RSPro. Datasheet RS PRO CB Series Epoxy-Coated Solid Electrolytic Tantalum Capacitor (2018).
36. muRata. Chip Monolithic Ceramic Capacitor meet AEC-Q200 for Infotainment GRT188R61C105KE13 (0603, X5R, 1uF, DC16V)
(2015).

Acknowledgements
This work was funded by UKRI under an STFC Studentship and the EPSRC Faraday Training Grant EP/
$514901/1. Nicholas Hillier from University of Southampton was also greatly helpful in the production of this

paper.
Author contributions
N.M.—all work.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports|  (2022) 12:8911 | https://doi.org/10.1038/s41598-022-13078-4 nature portfolio


https://doi.org/10.3389/fenrg.2021.699919
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:8911 | https://doi.org/10.1038/s41598-022-13078-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Advancing battery design based on environmental impacts using an aqueous Al-ion cell as a case study
	Results
	Functional energy density. 
	Competing on active material proportion. 
	Comparison to capacitors. 

	Conclusion
	Methodology
	Competitive functional energy density. 
	Determining the % active material. 
	Converting capacitor GWP results to per kW to compare. 

	References
	Acknowledgements


