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This article reports on the life cycle assessment (LCA) of a novel hybrid energy storage system (HESS) for sta-
tionary use. The system combines a vanadium redox flow battery (VRFB) with a supercapacitor, simultaneously
delivering high energy and high power. The LCA aimed to identify environmental hotspots in the HESS lifecycle
and to provide recommendations for an environmentally-sustainable technology deployment. New life cycle
inventory (LCI) datasets for the supercapacitor and DC-DC converters were created based on manufacturer data.
A focus was laid on vanadium pentoxide (V20s), the active component in the VRFB's electrolyte with significant
environmental impacts. Existing LCI datasets for primary and secondary VoOs production were evaluated
regarding their quality and applicability. Additionally, a new laboratory scale process for recycling of waste
vanadium electrolyte was developed and served as input for the LCA. The recycled electrolyte, which can be
directly used in VRFBs, had a global warming potential (GWP) of 0.91 kg CO2-eq/kg at a vanadium concentration
of 1.6 mol/1. The LCA of the HESS lifecycle for a real use case showed a GWP ranging from 0.10 to 0.53 kg CO»-
eq/kWh, depending on scenario. V205 and the electricity losses during dis—/charging were identified as main
environmental hotspots. The overall impacts of the system could be significantly reduced, if using recycled
instead of primary vanadium electrolyte and renewable instead of conventional electricity sources for charging.
The findings of this study underscore the importance of sustainable V,Os sourcing and a circular economy for
vanadium electrolyte to support the environmentally-sustainable market deployment of the HESS.

regulation aims at making “batteries sustainable throughout their entire

1. Introduction

The European Green Deal targets the decarbonization of the Euro-
pean energy system and aims at “developing a power sector based
largely on renewable sources” [1]. The evolving energy transition poses
many new challenges for grids, owing to the volatile nature of renew-
ables. One of them is the increasing need for stationary power storage
[2]. This calls for innovative approaches, which have to be sustainable
themselves. The European Battery Regulation (Regulation EU 2023/
1542) [3] adopted in 2023, promotes circular economy in battery value
chains, thus supporting the Sustainable Development Goals of the UN
(SDGs) [4] and the Paris Agreement targets on climate change [5]. The
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life cycle — from the souring of materials, to their collection, recycling
and repurposing” [3]. Starting from 2025, it will be mandatory to create
a carbon footprint declaration for various types of batteries. For indus-
trial rechargeable batteries with external storage, such as vanadium
redox flow batteries (VRFBs), this obligation will enter into force by
2030. The European Battery Regulation contains a variety of additional
obligations, for example regarding the recycled content of batteries or
minimum recycling rates for certain materials contained in batteries,
such as nickel [3,6]. Supercapacitors (SC), based on a different energy
storage mechanism than batteries, are not subject to the Battery Regu-
lation; however, similar obligations might apply to them in the future.
Hence, it is indispensable to include sustainability considerations
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Nomenclature LCI life cycle inventory
LCIA life cycle impact assessment
AC alternating current LED light emitting diode
BC battery converter LIB lithium-ion battery
BMS battery management system LOP agricultural land occupation potential
CAS Chemical Abstracts Service (by the American Chemical LTO lithium titanite oxide
Society) METP marine ecotoxicity potential
CC current collector n net
CMR cancerogenic, mutagenic and reprotoxic NCA-C  lithium nickel cobalt aluminum oxide cathode and
CRM critical raw material graphite anode
DC direct current NCO-LTO lithium nickel cobalt oxide cathode and lithium titanite
DEHPA  di(2-ethylhexyl)phosphoric acid, [UPAC name: bis(2- oxide anode
ethylhexyl) hydrogen phosphate NMC (lithium) nickel manganese cobalt oxide
EES electrical energy storage nr non renewable
EMS energy management system ODP ozone depletion potential
EST/S  energy storage technology/system PCS process control system
EOFP photochemical oxidant formation potential - ecosystems PED primary energy demand
EoL end-of-life PMFP particulate matter formation potential
ES end-of-life scenario PS production scenario
EU European Union PV photovoltaic/s
FB flow battery r renewable
FEP freshwater eutrophication potential rec. recycled
FETP freshwater ecotoxicity potential ReCiPe 2016 a harmonized LCIA methodology
FFP fossil fuel potential SC supercapacitor
g gross SCC supercapacitor converter
GHS Globally Harmonized System of Classification, Labelling SDGs Sustainable Development Goals of the UN
and Packaging of Chemicals (UN) SMS supercapacitor management system
GWP global warming potential SOP surplus ore potential
HESS hybrid energy storage system TAP terrestrial acidification potential
HOPF  photochemical oxidant formation potential - human health TETP terrestrial ecotoxicity potential
HP high power TRL technology readiness level
HTPc human toxicity potential - cancer V205 vanadium pentoxide
HTPnc  human toxicity potential - non-cancer VRFB vanadium redox flow battery
IRP ionizing radiation potential w/c with credit(s)
LCA life cycle assessment WCP water consumption potential
LCA for Experts a software for LCA modeling

already in the development phase of new batteries or other energy
storage systems.

VRFBs are an excellent option for large-scale stationary electrical
energy storage, with easy and independent scalability of power and
energy. Moreover, they exhibit good safety properties because of the use
of a non-flammable, water-based electrolyte that employs only one
metallic element in its active compound, namely vanadium [7-9].
VRFBs allow for easier dismantling and recycling and usually have a
longer lifetime than lithium-ion batteries (LIBs) [9]. LIBs currently
present the most applied energy storage technology (EST) for battery
electric vehicles and consumer electronics, with superior performance
characteristics, such as high power and energy density [10]. However,
owing to persistent safety concerns, raw material scarcity and other is-
sues, it is unclear, whether this battery type will be widely implemented
in grid-scale stationary applications in the future [10,11]. The dis—/
charging times of VRFB are on the scale of up to a few hours [12]. SC, on
the other hand, feature a lower energy density than VRFB, while
providing a higher power density with faster dis—/charging and a su-
perior storage efficiency [12,13]. The fundamental working principles
of VRFB and SC are described elsewhere in literature [13-17].

The project presented here combines the advantages of a VRFB and a
SC by hybridizing these two energy storage technologies (ESTs). This
simultaneously allows for the fast handling of high loads through the SC
and provides a high storage capacity through the VRFB. This novel
hybrid energy storage system (HESS) can for example support grid
flexibility, by balancing the electricity supply from renewable sources.

The HESS was demonstrated on laboratory and industrial scale in the
project HyFlow [18], which was conducted by an international project
consortium from 2020 to 2024 and funded by the European Union's
Horizon 2020 research and innovation program. The system's func-
tionality and component compatibility was validated by testing the
developed energy management algorithm and control strategies and
simulating different load profiles. As part of this project, a life cycle
assessment (LCA) was conducted on the HESS industrial demonstrator,
with the aim to identify environmental hotspots in the system's entire
lifecycle and to provide recommendations for an environmentally-
sustainable technology deployment.

The LCA of the HESS proved to be complex, owing to several main
components and a high number of sub-components that needed to be
assessed. While for VRFBs many LCA studies — some of them providing
very transparent data — have already been published, i.a. [7,19-24],
there is only little LCA data available on SC [23,25-27], DC-DC con-
verters, AC-DC inverters or hybrid energy storage systems. Dieterle et al.
[8] provided a comprehensive overview of publications on LCA of flow
batteries (FB) and discussed methodological decisions. Their recom-
mendations on the LCA study design for FBs were considered for our
study. Ebner et al. [11] asked the question “How green are redox flow
batteries?” and created a valuable overview of available LCA studies.
Jiao et al. [26] performed an LCA of the application of different hybrid
energy storage systems to a future 100 % renewable power system.

Using primary data directly provided by manufacturers, we devel-
oped new LCI datasets for the SC and the DC-DC converters, thus
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addressing gaps in the existing literature.

Regarding the VRFB, other publications already demonstrated that
the electrolyte, specifically due to its active component vanadium
pentoxide (V20s), has a high impact on the lifecycle LCIA results of the
VRFB [7,20-22]. Moreover, vanadium has been on the list of critical raw
materials (CRM) of the EU [28,29] since 2017 [30]. CRMs are consid-
ered as essential for European economy, while their supply may be at
risk for geopolitical, geological or geographical reasons. In 2020,
approximately 72 % of global vanadium production occurred as co-
production with steel-making, 18 % was direct vanadium mining and
10 % originated from secondary sources [31]. Vanadium mining, direct
or as co-product, takes place in a few countries only, all of which are
outside of Europe, mainly China, South Africa and Russia [8,16,32]. The
current geopolitical situation adds even more stress on the supply situ-
ation. One strategy to cope with supply and scarcity risks and to reduce
environmental impacts is the further development of a circular econ-
omy. Secondary sources of vanadium are spent chemical process cata-
lysts, residues of burnt crude oil or vanadium-containing steel scrap,
with the latter being the largest vanadium sink and possibly also rep-
resenting an important source of recycled vanadium in the future.
Currently, vanadium is mainly recycled via the steel route in a steel alloy
form, not as a high-purity metal, getting lost over time due to “dilution”
for lack of separate collection of vanadium-containing steel scrap [33].
Apart from the already mentioned secondary sources, energy storage
applications, such as VRFBs, are gaining more importance and thus will
likely also present relevant sources - and sinks - of recycled vanadium in
the future [33].

Hence, we set a focus on this critical component in our study,
analyzing its possible impact on the HESS in more depth. We identified
several datasets for primary and secondary V,0s production in the
existing literature, evaluating their quality and applicability for our
study.

Vanadium electrolyte recycling seems a logical approach, with the
waste raw material being available in an easily accessible form. A recent
book on emerging battery technologies by Passerini et al. [2] identified
worldwide installed VRFB systems of 1.23 GWh and 319 MW in 2020.
Until 2022, the installed capacity rose to approximately 1.8 GWh and is
expected to further increase to 33 GWh by 2031 [34]. The defossilization
of our energy system will trigger a growing demand for stationary en-
ergy storage [2,35]. Consequently, it is assumed that the market share of
VRFBs will increase from 1.8 % in 2020 to 5 % by 2050. While at the
moment the supply of spent electrolyte might be miniscule compared to
its demand, it is expected to grow in the upcoming years along with the
installed VRFB storage capacity; albeit with some delay due to the long
lifetime of the VRFB and its electrolyte. Moreover, the approach of
electrolyte recycling fits well into the electrolyte leasing business model
that suppliers are starting to pursue [36].

Several publications have already discussed the topic of vanadium
electrolyte recycling or tried to approximate its potential environmental
benefits [20-22,33], however, so far only one has performed an LCA of
the recycling process: Blume et al. [37] recently reported on the LCA of
recycling of spent vanadium electrolyte in four different EoL states,
observing reduction potentials of up to 100 % in GWP compared to
primary electrolyte.

To contribute to this relevant field of research, we developed and
demonstrated a laboratory scale process for waste electrolyte recycling,
thus deriving novel inventory data for our LCA.

Eventually, we assessed the environmental impacts of the entire
HESS lifecycle for a real use case in German industry in several sce-
narios: We applying selected V205 LCI datasets from literature and the
recycled vanadium electrolyte of this study to our HESS LCA model and
used different electricity sources, conventional and renewable, for
charging of the HESS. By identifying the most important environmental
hotspots in the lifecycle of the system, we were able to derive important
preconditions for an environmentally-sustainable market deployment of
this novel EST.
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To the best of our knowledge, the present article is the first to report
on an LCA of a stationary HESS in a VRFB-SC configuration that has
actually been demonstrated on an industrial scale. Other distinguishing
features of this LCA are the focus on the critical raw material V5Os,
supported by laboratory tests on waste vanadium electrolyte recycling,
and the primary data provided by manufacturers.

2. Materials and methods

In this study, an LCA of a novel energy storage system was per-
formed, with input data partly generated through laboratory tests.

2.1. Life cycle assessment

The production, use and end-of-life phases (EoL) of a novel HESS,
integrating a VRFB with a SC, were analyzed through LCA. A special
focus was placed on the environmental impacts of the critical compo-
nent V50s. LCA was carried out following the ISO 14040/14044 meth-
odology [38,39], which encompassed the subsequent working steps:
definition of goal, scope and system boundaries of the LCA, compilation
of the LCI, life cycle impact assessment (LCIA) and interpretation and
discussion. Additional details on the applied methodology are provided
in standard works such as Frischknecht et al. [40], Guinée et al. [41],
Curran (Ed.) [42] or Klopfer and Grahl [43].

2.1.1. Definition of goal and scope

This LCA aimed to identify environmental hotspots in all lifecycle
phases of the HESS industrial scale demonstrator, and to derive rec-
ommendations for an environmentally-sustainable roll-out of this novel
technology. Important inventory data for the LCA were provided by
component manufacturers, and compiled from literature, with a focus
on the critical raw material V,0s. Input data for the LCA were partly
derived from laboratory tests on the recycling of waste vanadium elec-
trolyte, as described in chapter 2.2. The content and structure of this
study is outlined in Fig. 1.

This article mainly focuses on the environmental impact category
“climate change” with its indicator GWP and on the primary energy
demand (PED). However, we determined indicator values for a number
of other categories, which were made available in the Supplementary
Information (SI). The industrial scale HESS demonstrator that was
subject to this LCA is schematized in Fig. 2.

The LCA of the HESS encompassed its production, use and EoL
phases. This included raw material supply (mining/extraction from
nature), energy supply (natural gas extraction, electricity generation
etc.), manufacturing of precursor materials, manufacturing of HESS
components, assembly of the HESS, the use phase of the HESS, and its
disposal or recycling, including all transport steps. Infrastructure was
considered in the assessment, if appropriate information or suitable
datasets were available. The manufacturing, use and EoL of the HESS
were assumed to take place in Europe; therefore, the geographical sys-
tem boundary was Europe. In case of raw materials that are sourced
from other regions of the world, transportation to Europe was accounted
for. The functional unit (FU) of this LCA was defined as 1 kWh of total
energy delivered by the HESS over its lifetime. This is consistent with the
FU definition for the carbon footprint declaration of batteries under the
European Battery Regulation [3]. The LCA was performed for a real use
case of peak shaving in German industry over 20 years.

2.1.2. Life cycle inventory data

This chapter contains information on the compilation of LCI data for
all lifecycle phases of the HESS. LCI data — specifically for the production
phase — were to a large extent provided by project partners from either
laboratory tests, newly developed components or commercial products.
Gaps were filled with valid literature data. Datasets on background
processes were derived from the Sphera Professional Database 10.7 [45]
and ecoinvent v3.8 database [46]. LCI datasets from Europe were
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Life cycle assessment of HESS +
hotspot analysis
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Fig. 2. Schematic representation of the industrial scale HESS demonstrator.

preferred for this LCA, if available. Special emphasis at this stage was
placed on the evaluation of existing LCI datasets for the critical
component V,0s. The foreground LCI for the industrial scale HESS, as
visualized in Fig. 2, as well as all other inventory tables are provided in
the SL.

2.1.2.1. Production of VRFB. A commercial VRFB was installed for the
industrial scale HESS demonstrator in this project. However, the LCA
was performed for the upscaled laboratory setup to incorporate the
achieved technological advances at the laboratory scale, such as thinner
VRFB membranes. Some components, including electrolyte tanks,
pumps, pipes or cables, were approximated based on product datasheets.
The vanadium electrolyte had an energy density of 20 Wh/I, a density of
1.35 kg/1 and a vanadium concentration of 1.6 mol/l. The LCI of the
industrial scale VRFB, the methodology for upscaling the LCI from lab-
oratory to industrial scale, as well as the inventories of all used back-
ground processes, are provided in the SI.

2.1.2.2. Production of the active electrolyte component V505. Table 1 lists
V205 datasets available in the existing literature, indicating their most
important parameters. Only references with proprietary V,O5 datasets
are mentioned. We want to specifically point out the publication by He
et al. [7], who compared V05 datasets from three different articles
[21,47,48].

Weber et al. [21] described a process in South Africa, starting from
the extraction of titanomagnetite ore and yielding “high purity” V,0s as
a by-product of electric arc furnace steel production, without detailing
the achieved vanadium concentration. They applied economic

allocation in a significant process step, which turned out to be prob-
lematic because of large variations in results possible with volatile
market prices. This has already been noted by Blume et al. [20]. Blume
et al. [20] based their assessment on the same mine in South Africa;
however, they solved the multi-product system of the steel-vanadium
production process through system expansion by assigning credits for
primary steel, delivering high purity V205 (97.5 %). He et al. [7] applied
the following V505 datasets to model their VRFB: Primary V505 as a by-
product of hard-coal consuming blast furnace crude steel making from
titanomagnetite ore, based on data from Chen et al. [47] of a real plant
in China (time horizon 2005-2007) (scenario A1l). This dataset does not
consider the allocated impact of steel-making. Moreover, the degree of
purity of the obtained V,Os is not mentioned, leaving it open whether
further concentration steps would be necessary for application in VRFB
electrolytes. They also applied data from Jungbluth and Eggenberger
[48] on V05 production from residues of a power plant burning crude
oil based on real data (scenario A3) and stoichiometric calculations
(scenario A4). The impact of crude oil production and burning was not
considered. For their scenario analysis, Li et al. [49] performed an LCA
of the production of high-purity (>98 %) V205 nanosheets for electro-
chemical applications from conventional and secondary sources; the
first was based on stoichiometric calculations for vanadium extraction
from vanadium containing ore in China, excluding the impact of ore
mining. The second referred to a laboratory scale vanadium recovery
process from gasification waste (carbon soot) of a Singaporean oil re-
finery. The carbon soot was modeled free of environmental burden.
Zhang et al. [32] described a sodium roasting, calcium roasting and sub-
molten salt production process, all taking place in China and starting
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Table 1
Existing LCI datasets for V,Os production from primary and secondary sources, ctg = cradle-to-gate, gtg = gate-to-gate.
GWP [kg CO»- Reference V,0s5 source Location LCA V205 LCIA LCI provided LCIA method-
eq/kg] scope purity results ology
[%] provided
11 Chenetal. [47] (as  Prim  Titano magnetite (blast China gtg Not Yes Yes CML2001
applied by He et al. furnace steel making, prod. indicated
[7D data from 2005 to 2007,
allocated impact of steel
making not incl.)

2 (real plant Jungbluth and Sec Oil burner residues Japan gtg Original full-text publication by Jungbluth and Eggenberger [48]
data) 1 Eggenberger [48] could not be found; LCIA results but no LCI were provided by He
(stoich. calc.) (in He et al. [7]) etal. [7]

19 (original) 7 Weber et al. [21] Prim  Titano magnetite ore (electric South ctg “High” Yes Yes CML2001
(new arc furnace steel making) Africa purity
economic
allocation
factors)

28 Li et al. [49] Sec Gasification waste from oil Singapore /  gtg >98 Endpoint Yes ReCiPe 2016

refinery (carbon soot) China only endpoint

66 Li et al. [49] Prim  Vanadium containing ore China gtg >98 Endpoint Yes ReCiPe 2016

(stoich. calc.), excl. mining only endpoint

95 Blume et al. [20] Prim  Titano magnetite ore (electric South ctg 97.5 Yes Yes CML2001

arc furnace steel making) Africa

63:P1 Zhang et al. [32] Prim  Titano magnetite ore (LCA China gtg “High” Yes Yes Midpoint results,
18:P1II starting from V slag) purity method not
48: P III indicated

115 Shakibania et al. Sec Spent oil-refinery catalysts (lab ~ Iran gtg >99.5 Yes No compre- Presumably

[50] tests) hensive table midpoint results,
method not
indicated

27 Baritto et al. [51] Sec Bitumen-derived petcoke fly Canada ctg 97-98.5 Yes Yes Only GWP, IPCC

ash (from oil sands)
10 Baritto et al. [51] Sec Spent catalysts from bitumen No LCI available, only GHG value listed as benchmark, cradle-to-gate
upgrading

- Sphera [45] Prim  Titano magnetite ore South ctg 86 Yes No (dataset -
(magnetic separation of ore, Africa not expand-
sodium metavanadate route) able)

- Sphera [45] Prim  Titano magnetite ore South ctg 98 Yes No (dataset -
(magnetic separation of ore, Africa not
sodium metavanadate route) expandable)

from vanadium slag, hence not a cradle-to-gate scope. Shakibania et al.
[50] assessed the production of V505 (>99.5 %) from Iranian oil-
refinery catalysts, stating that their relatively high results i.a.
regarding GWP are due to the low technology readiness level (TRL) of
their process. Baritto et al. [51] assessed the cradle-to-gate GHG emis-
sions of a recovery process of V205 at 97-98.5 % purity from bitumen-
derived petcoke fly ash in Canada and cited an earlier, apparently un-
published study on the recovery of VoOs from spent catalysts from
bitumen upgrading. In addition to the previously mentioned publica-
tions on V30s, there also are two primary V505 datasets of different
degrees of purity available in a commercial LCA database [45]. How-
ever, they cannot be used for detailed analyses in this study because of
license restrictions and only are valid for one major vanadium exporting
country.

The identified V505 datasets show a very wide range of GWP results,
even when comparing only primary datasets. This is due to different raw
materials, assessed production processes, TRL, degrees of V05 purity,
geographic location of mining and production, applied LCA scope and
parameters and data quality. Primary V505 produced from titano-
magnetite ore in South Africa, as described by Blume et al. [20], showed
the highest GWP of all primary datasets. Unfortunately, most other
primary datasets only describe gate-to-gate processes; hence, they do
not cover the entire production chain. For secondary sources, we
consider it legitimate to assume the waste raw materials as free of
environmental burden. V,O5 from secondary sources does not neces-
sarily feature a lower GWP than V,0s from primary sources, especially
because of the low TRL of secondary processes. Secondary V05 from
spent oil-refinery catalysts even has the highest GWP of all V505 data-
sets. However, most secondary sources show a significantly lower GWP

than primary V05 from South Africa [21], which we consider the most
complete and accurate dataset for the production of primary V,0s. For
all further analyses in this LCA study, we used the two primary cradle-to-
gate V05 datasets, as we wanted to cover the entire production chain,
and the secondary dataset for V05 from Chinese oil refinery carbon soot
[49].

2.1.2.3. Production of SC, converters and periphery. A market-ready 25
kW SC developed by a project partner was used as the basis for gener-
ating the LCI of the required 900 kW SC. For a SC of 900 kW / 3 MWs and
a usable voltage range of 300-900 V, 830 of these SC cells would be
required. The SC applies coconut-shell activated carbon-nickel and
nickel-steel electrodes and uses a water-based alkaline electrolyte. For
confidentiality reasons, the exact composition of this SC cannot be fully
displayed in this article.

There are several publications available on the LCA of graphene or
activated carbon (AC) for SC electrodes from conventional and renew-
able sources, that is, [25,52-57]. In our project, a process for the pro-
duction of AC for SC application from the solid digestate of an Italian
biogas plant through pyrolysis-activation was developed and published
in a previous article [58]. This approach avoids the import of AC from
outside of Europe, such as coconut-fiber-based AC from Asia [52]. While
organic electrolytes can increase the achievable voltage window of a SC
[59], they may also possess hazardous properties, such as high flam-
mability or health hazards. This is the case for acetonitrile [60] used in
three of the four identified SC LCA studies [23,25,26]. Hence in our
project, water-based SC electrolytes and water-in-salt SC electrolytes
were investigated. Nickel is an essential raw material for EST [61], but
causes high environmental impacts in its production phase [62]. It is
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also contained in the electrodes of the here investigated SC. Not yet on
the CRM list of 2020 due to its well diversified supply situation [63],
Nickel was added as a Strategic Raw Material to the EU's fifth CRM list in
2023 [29,64], even if not meeting the CRM threshold [28]. Therefore,
we aimed to assess how the use of recycled nickel could improve the
environmental performance of our SC. However, it must be emphasized
that the developed inventory for nickel recycling, as presented in the SI,
represents a rough approximation, based on a very general literature
source [62], owing to the lack of other data. When combing through
literature, it became apparent that sufficient sourcing of pure recycled
nickel might be difficult at present: Nickel is mainly recycled within the
steel route, “remaining in a steel alloy form™ [65] and “relatively little
class I nickel scrap is available for recycling” [66]. Another study states
that “nickel stocks in use are growing rapidly, but the long lifetimes of
nickel products mean that these stocks will only be available for recy-
cling in a few decades, limiting the chance to replace more primary
sources by postconsumer scrap in the near future” [67]. However, the
new European Battery Regulation [3,6] will demand the use of a certain
percentage of recycled nickel in battery systems applying nickel as
active material in the future and will also enforce recycling of nickel
components at the EoL of a battery. Hence, the demand for and the
availability of recycled battery-grade nickel is expected to increase.

To describe the AC-DC inverter, the ecoinvent 3.8 dataset “inverter
production, 500 kW, RER” was applied and linearly upscaled to an
inversion power of 1200 kW. The two DC-DC converters were modeled
based on a 6.2 kW non-isolated DC-DC converter developed by a project
partner, which was also linearly upscaled.

2.1.2.4. Use phase of HESS. The use phase of the HESS was calculated
for an application of peak shaving of medium and short duration power
peaks in industry, based on a real consumption profile from Germany. In
case of high demand peaks from the consumer, the SC is able to (partly)
provide these, thus flattening the consumption profile and avoiding grid
disturbances through feedback effects. The timeframe of the use phase
was 20 years. The electricity supply for charging the HESS was modeled
in three scenarios with a conventional European electricity grid mix,
wind power and photovoltaic (PV) power.

Moreover, it was assumed that the finished HESS would be trans-
ported by truck over an average distance of 600 km to customers within
Europe. The replacement of some HESS components within the opera-
tional time of the HESS was also accounted for.

The overall storage or energy efficiency of the HESS depends on the
specific use case respectively on the degrees of usage of VRFB and SC,

Table 2
Mean values for energy efficiency of HESS components and limits of overall
energy efficiency of HESS.

Component Energy Description of storage pathway
efficiency

HP-VRFB 75 %" -

sc >95 %” -

AC-DC 97 %’ -

inverter

BC 93 %' -

scc 94 %' -

Overall HESS energy efficiency

Pathway 1 61 % Slow charging and discharging via VRFB, no use
of SC

Pathway 2 51 % Slow charging via VRFB, fast discharging via SC
OR vice versa

Pathway 3 43 % Fast charging via SC, intermediate storage in
VREFB, fast discharging via SC

Pathway 4 79 % Fast charging and discharging via SC, no use of

VRFB

! Values assessed in HyFlow WP1 and 2, efficiency of the developed high
power VRFB [18].

2 Value provided by manufacturer.

3 Adopted from [19].
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and on the individual energy efficiencies of the single components
(Table 2). The VRFB has the largest impact on the overall system effi-
ciency, as it is the component with the lowest individual energy effi-
ciency and buffers most of the energy drawn from the grid during
operation. To determine the theoretical limits of the HESS energy effi-
ciency, we assessed the four possible storage pathways, assuming that
the entire energy charged from the grid passes all indicated components.
The storage pathways are described in Table 2 and a visualization is
provided in the SI. The resulting theoretical energy efficiency of the
HESS ranges from 43 % to 79 % (Table 2). However, pathways 3 and 4,
showing the extreme efficiency limits, do not represent reasonable
continuous applications of the HESS and only occur during very short
periods of time. For our use case, a mean energy efficiency of 60 % over
20 years was approximated, as the largest share of the charged energy
passes the VRFB and only a minor share additionally passes the SC or is
only charged and discharged via the SC. Uncertainties with respect to
the system's energy efficiency were addressed in a sensitivity analysis
(chapter 2.1.4).

2.1.2.5. EoL phase of HESS. For the EoL phase, it was assumed that the
HESS would be transported to a recycling facility and mechanically
dismantled. Subsequently, its components respectively materials would
be recycled, whenever feasible. The applied recycling and disposal
pathways for individual components, including LCI tables, are indicated
in the SI. Following Weber et al. [21], a high recycling efficiency of 95
wt% was assumed for all metal parts that can be easily separated from
the system during dismantling; residual metal was modeled to be
landfilled. Metal recycling was mainly set up following Quéheille et al.
[68]. For all plastic components, including membranes, electrodes and
bipolar plates, waste incineration with energy recovery was chosen,
which was also assumed by Weber et al. for VRFBs [21]. For lithium ion
batteries (LIBs), recycling of plastic components is not yet state-of-the-
art, but plastic is usually decomposed during thermal pretreatment
(pyrolysis) in the battery EoL process [69]. However, with respect to
circular economy, recycling of HESS plastic components should be
assessed in the future. There is also ongoing research in recycling of
special plastic products such as Nafion® polymers [70-72] that are
contained in the VRFB. However, due to reasons of complexity and data
availability, plastic combustion was currently prioritized over recycling
for the EoL LCA model in this study. The EoL phase of the HESS was
assessed in four scenarios, with and without credits for recycled mate-
rials and recovered energy from waste combustion, as visualized in the
SI (chapter 2.3).

2.1.3. Life cycle impact assessment and scenario development

Modeling and calculation of the LCIA was performed in the “LCA for
Experts” 10.7 software [45]. For the LCIA the harmonized ReCiPe 2016
q(H) v1.1 methodology [73,74] was applied, transferring the results of
the LCI analysis into 18 impact category indicators at midpoint. More-
over, the net primary energy demand (PED) of the HESS lifecycle was
evaluated based on the cumulative energy approach and differentiating
between PED from renewable (PEDn,r) and non-renewable sources
(PEDn,nr) [75,76]. A complete list of all investigated indicators with
their abbreviations and units is provided in the SI (chapter 3). Only the
abbreviations of the indicators are used throughout this publication to
improve readability.

The entire HESS lifecycle was assessed in 12 scenarios (Fig. 8),
differing in the origin of the applied vanadium electrolyte and in the
electricity source for charging of the HESS:

e Vanadium electrolyte:
0 V905 I [21], primary (original allocation factors)
0 V205 II [20], primary
0 V05 III [49], secondary
o Recycled electrolyte (this study)
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e Electricity sources:
o Conventional grid mix (European average)
o PV power (European average)
o Wind power (European average)

2.1.4. Sensitivity analysis

The effects of the alteration of the storage efficiency of the HESS were
investigated through a sensitivity analysis, as this is the main parameter
determining the environmental impacts of the HESS in its use phase. Its
value was altered from 60 % to 45, 50, 55, 65, 70 and 75 %, while all
other system parameters were left the same. This analysis was first
performed on a HESS with primary V,0s by Blume et al. [20] and the
conventional European grid mix for charging. Subsequently, the analysis
was repeated for a HESS with recycled vanadium electrolyte (this study)
and PV.

2.2. Laboratory tests on vanadium electrolyte recycling

We developed and demonstrated a process on laboratory scale for
recycling of waste vanadium electrolyte. Results of these tests served as
input for our LCA.

Although numerous methods for the extraction of V505 from primary
or secondary sources have been presented in literature, there is little
research addressing the recovery of vanadium from spent electrolyte
solution used in flow batteries, despite it being relatively easily acces-
sible in dissolved form. Blume et al. [37] described several techniques to
reprocess spent electrolyte, including, depending on the electrolyte's
state, precipitation and re-dissolving, electrochemical removal of con-
taminants and chemical oxidation of organic pollutants. The method
presented in our article involves the extraction of vanadyl cations (Va-
nadium(IV) oxide, V02+) from a waste electrolyte solution at pH ~3 via
a two-step liquid-liquid extraction process with di(2-ethylhexyl)
phosphoric acid (DEHPA) into an organic solvent. The recycling pro-
cess was tested in a laboratory setup. The schematic of the recycling
process is visualized in Fig. 3. DEHPA with kerosene as organic solvent
has been reported as a reliable extraction agent for leaching vanadium
from aqueous sulfate solution [77,78]. It is also widely used as an
extractant for uranium and other rare metals. The method has the
advantage that it works practically independent of the EoL state, as the
extraction process under the proposed conditions is selective enough not
to leach major pollutants from the solution, making it a potentially cost-
effective and sustainable approach. The leaching conditions were
derived from the Oak-Ridge report by Blake et al. [79]. In the second
step, vanadium was extracted back into the more acidic sulfuric acid
(H2SO4) to directly produce a VRFB electrolyte precursor solution. The
two extraction steps were repeated several times, until the desired va-
nadium concentration was reached in the extract. The pH was adjusted
after every iteration. Prior to extraction, the waste solution was condi-
tioned to reach the desired vanadium(IV) concentration and pH. The
precursor that resulted from the extraction was post-treated by mixing
with additives and adjusting the valency from 4 to 3.5, in this case, using

=2

Extraction
w/ DEHPA

“Original” waste Prepared waste

Kerosene + DEHPA
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electrolysis.

First, the capability of DEHPA as an extractant was investigated for
iron (Fe(IlI)) and copper (Cu(Il)) as typical contaminants, as well as
vanadium(V), which could remain in the solution if overoxidized.
Copper contamination from the current collectors (CCs) may occur
through internal leaks or corrosion of the carbon monopolar plates and
usually has severe consequences as it may cause complete failure of the
battery system if not mitigated [80]. Iron may contaminate the system
via the pump or some other instrument and has been reported to
negatively impact the battery performance [81].

2.2.1. Experimental methods

Solvent extraction experiments were carried out in the laboratory
according to the extraction procedure described above using separating
funnels. HySO4 solutions (pH = 2) were prepared with the respective
metal ions and initial metal concentrations of 0.3 mol/1 for the con-
taminants and 0.5 mol/1 for the vanadium species. The pH of the solu-
tions was adjusted to approximately 2 after each extraction step, by
adding NaOH or ammonia (for Cu). The metal concentrations of the
initial solution were measured after each extraction step. Vanadium
contents were measured using potentiometric titration. Iron and copper
concentrations were measured using UV-Vis spectrometry after treating
the metals to form acetate and ammonia complexes, respectively.

A laboratory scale setup was constructed for extraction experiments.
The setup is explained in greater detail in the SI. Two mixer-settlers were
built using standard PVC piping parts and two mixers (“BOLA” 6 mm
PTFE agitator, Bohlender, Germany; with motor “SBS-ER-3000",
expondo, Germany). Three “NRD-05" centrifugal pumps (Iwaki, Japan)
were employed to pump the liquids through the extraction stages. For
pH regulation, the process pH electrode “PL A-91” by Xylem (Germany)
and a “FEM 1.09” diaphragm pump by KNF (Germany) were used to
measure pH and to dose the caustic solution, respectively.

The steps to generate the recycled electrolyte solution are as follows:

1. Fill spent electrolyte (valency >3.5) in waste tank and add 30 wt%
hydrogen peroxide (H2032) solution to oxidize all vanadium to va-
nadium(IV). For all experiments, vanadium electrolyte solution by
GfE Metalle und Materialien (Niirnberg, Germany) was used with an
initial composition of 52.7 wt% vanadium(IV) and 47.3 wt% vana-
dium(IIl), a total vanadium concentration of 1.58 mol/l and
approximately 2 mol/l HySO4. (Electrolyte had not been used in a
battery before, but was left untouched for several years, hence the
slight shift in valency towards vanadium(IV).)

2. Add 1 M sodium hydroxide (NaOH) to set the pH to approximately 3.

3. Fill 4 M H3SO4 solution in product tank, 1 M NaOH solution in
caustic tank.

4. Fill organic solvent with extraction agent to organic tank: 0.2 M
DEHPA in kerosene (boiling range 200 to 260 °C)

5. Run extraction process until vanadium(IV) concentration in product
reaches >1.6 mol/1.

Partial
Reduction

ﬁ

+H,PO,

Raffinate Vanadium Electrolyte

Extract

(precursor)

Fig. 3. Schematic of recycling process with the steps pre-processing, extraction and post-processing (arrows), and depiction of raw material, intermediate products

and final product samples.
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6. Using a single 40 cm? flow cell, charge extracted vanadium(IV) so-
lution with constant current of 12.5 mA/cm? until cell voltage is
>1.65 V and then with constant voltage of 1.65 V until current is
<20 mA to generate vanadium(III) and vanadium(V) solution.

7. Mix vanadium(III) solution with extracted vanadium(IV) solution to
reach the required valency of 3.5. (The vanadium(V) solution can be
used instead of H05 in step 1 to oxidize spent electrolyte.)

8. Add phosphoric acid (H3PO4).

The experiments were performed with 6 1 or 8.1 kg of electrolyte
solution. Mass ratios of other starting materials and additives are listed
in Table 4. Vanadium concentrations were evaluated using potentio-
metric titration. Concentrations of other elements were measured using
inductively coupled plasma mass spectrometry (ICP-MS).

3. Results

At the beginning of this section, the results of the laboratory tests on
waste vanadium electrolyte recycling are presented. Based on these re-
sults, we performed an LCA of the recycling process, which was even-
tually integrated in the LCA model of the HESS. Subsequently, the
environmental impacts of the HESS in all lifecycle phases were assessed.

3.1. Laboratory tests on vanadium electrolyte recycling

The selectivity of DEHPA towards different vanadium species and
major contaminants was investigated on a small laboratory scale. Fig. 4
shows the concentrations of different metal ions in the aqueous phase of
the initial solution after each extraction step. It was demonstrated that
DEHPA was able to extract vanadium(IV) from the sulfate solution most
effectively. After three iterations, the concentration was close to the
lower detection limit of the concentration measurement. Iron(III) could
be extracted similarly well. However, copper was not easily leached
from the solution, with two thirds remaining after 8 extraction cycles.
Vanadium(V) was extracted poorly as well compared to V(IV). There-
fore, the production of too much V(V) should be avoided during the
initial oxidation step, in order not to waste too much vanadium during
the extraction. In particular, the relatively poor selectivity towards
copper is promising, as it can heavily disturb VRFB operation because it
promotes hydrogen evolution in the vanadium electrolyte and hence
causes irreversible capacity loss [80].

The extraction method was scaled up and automated using mixer-
settlers. The resulting electrolyte solution was post-treated using an
electrolysis cell for valence adjustment. Table 3 shows the vanadium
concentrations in the original solution, the intermediate and finished
products as well as the concentrations of other cations.

The extraction was stopped once the raffinate solution was virtually

0.5 1 —h— Fe(lll)
N Cu(In)
— i V(v)
g 04 - v(Iv)
S~
S 03 &
g 021
°
o
Z 01 1

0 1 2 3 4 5 6 7 8 9
Extraction step

Fig. 4. Concentration gradients of various metal ions after extraction with
DEHPA from sulphate medium.
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Table 3
Vanadium concentrations and V(III) / V(IV) ratios before and after each recy-
cling step.

Medium Total V (mol/1) V() (%) V(IV) (%)
Initial waste solution 1.58 47.3 52.7
Pre-processed waste 0.33 3.3 96.7
Extract (precursor) 1.64 2.1 97.9
Raffinate (waste) 0.002 42 58
Electrolyte solution (final product) 1.75 49.3 50.7

depleted of vanadium and the reaction stopped. The concentration in the
extract was slightly higher than that of the initial waste solution. The
subsequent increase in total vanadium concentration to 1.75 mol/1 in
the final product could be due to water crossing over the membrane as
well as evaporation of water during the electrolysis process where the V
(IIT) side was continuously purged with dry nitrogen. It is expected that
the effect of evaporation will be reduced, if higher volumes of V(III) are
processed.

The vanadium composition in the final product is suitable for direct
use in a redox flow battery. If needed it can be diluted with water or
sulfuric acid to achieve the desired concentration of vanadium species
and free acid. Additives (e.g., phosphoric acid) can also be added as
needed.

3.2. Environmental impacts of vanadium electrolyte

Based on the results of our laboratory tests we created an LCI of the
recycling process of waste vanadium electrolyte on demonstrator scale
as presented in Table 4. The process (reagent/component masses, energy
demand, infrastructure, transport) was upscaled from a laboratory batch
of a few liters to a batch of approximately 37 I recyclate, applying the
LCA framework by Picchinno et al. [82] for the upscaling of chemical
processes. The achieved recycling efficiency was 77 % by mass and 81.6
% by amount of vanadium, due to slightly differing vanadium concen-
trations in the feed material (1.6 mol/l) and the obtained recycled
electrolyte in the laboratory tests (1.75 mol/1). For the LCI, the recycled
electrolyte was modeled with a concentration of 1.6 mol/l. Further de-
tails on the compilation of this LCI are provided in the SI.

Fig. 5 displays the LCIA results of the production of 1 kg of recycled
electrolyte with a vanadium concentration of 1.6 mol/l. The GWP of the
recycling process accounted for 0.91 kg COz-eq/kg recycled electrolyte
and the PED was 19.2 MJ/kg, with approximately 20 % of the PED
originating from renewable sources. Sodium hydroxide (NaOH) was the
main contributor in GWP, FFP, LOP, EOFP, HOFP and TAP and PED,
while hydrogen peroxide (H202) was dominant in PMFP, WCP, FEP, IRP,
MEP and ODP. The infrastructure for electrolyte recycling had the
highest impacts in FETP, HTPc, HTPnc, METP, SOP and TETP; however,
the latter results are associated with a relatively high degree of uncer-
tainty, as the assessment of the infrastructure is based on a very rough
approximation.

Fig. 6a and b compare the GWP and PED of the production of 1 kg of
recycled electrolyte to 1 kg of electrolyte prepared with primary or
secondary V,Os from literature. LCIA results showed large differences,
with the GWP of electrolyte production accounting for 0.9 to 11.4 CO,-
eq per kg of electrolyte and the PED ranging from (16) 19.2 to 98 MJ/kg
of electrolyte. In addition to the original results for V505 I, we also
display the results with allocation factors updated to current market
prices. Details for all investigated midpoint category indicators can be
found in the SI. Recycled electrolyte had a significantly lower GWP and
PED than primary electrolyte modeled with V505 I (original) and V505 II
and than electrolyte prepared with secondary V,0s (V205 III). In addi-
tion, recycled electrolyte featured reduced impacts compared with the
other datasets in 15 out of 17 other ReCiPe 2016 midpoint impact cat-
egories. Only in HTPc and LOP the recycled electrolyte had a higher
impact than at least one other electrolyte. However, when comparing
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Table 4
LCI for recycling of spent vanadium electrolyte.

Process Ref. value  Unit Used background process
Inputs
Waste electrolyte 1.22 kg Spent vanadium electrolyte from
(vanadium electrolyte discharged VRFB
for VRFB), 1.6 mol/1 V
Hydrogen peroxide 30 0.02 kg SI
wt%'
Sodium hydroxide 10.82 kg SI
(NaOH), 1 mol/1'
Sulfuric acid (H,SOy4), 4 1.28 kg SI
mol/l'
Phosphoric acid 0.009 kg Market for phosphoric acid,

(H3PO,), 85 wt%' industrial grade, without water,

in 85 % solution state, ecoinvent

3.8, GLO
Di-(2-ethylhexyl) 0.065 kg SI
phosphoric acid
(DEHPA)'*
Kerosene” 0.83 kg Market for kerosene, ecoinvent

3.8, Europe without CH
Electricity (pumping, 0.059° kWh  SI
stirring, charging,
control system)

Water, deionized 0.065 kg RER: Water (desalinated;
deionized) Sphera
Infrastructure 4E-10 items  Market for chemical factory,
organics, ecoinvent 3.8, GLO;
factory with output of 50,000 t/
a and a lifetime of 50 yrs
Transport, lorry 0.73 t.km = transport of waste electrolyte
to recycling facility, assumed
transport distance 600 km by
lorry [21]; Lorry transport incl.
fuel, Euro 0-6 mix, 22 t total
weight, 17.3 t max payload,
RER, Sphera
Outputs
Recycled vanadium 1 kg
electrolyte for VRFB,
1.6 mol/1 V
DEHPA (Di-(2- 0.064 kg Reused, loop to process input
ethylhexyl)phosphoric
acid)
Kerosene 0.81 kg Reused, loop to process input
Raffinate (waste water) 12.43 kg To waste water treatment: Waste

water treatment (slightly
organic and inorganic
contaminated), EU-27, Sphera

! Transport of these substances already included in respective processes.

2 Reused, loop to process input; losses of 3 wt% to raffinate assumed.

3 Upscaled from lab-scale to batch of 37 1 recyclate, following scale-up
framework of [82].

the GWP and PED of recycled electrolyte to primary V205 I modeled
with updated allocation factors, the picture was no longer so clear. This
demonstrates the importance of having standardized, precise and freely
usable LCI datasets available for primary V,05 production, to be able to
demonstrate the real benefits of the application of recycled/secondary
compared to primary vanadium electrolyte.

We also performed a closer analysis of the environmental impacts of
vanadium electrolyte prepared with the three selected V,0s datasets
from literature (chapter 2.1.3). Corresponding graphs are provided in
the SIL It was observed that V,0s, regardless of the selected dataset, had
the strongest impact on electrolyte production in most indicators,
including GWP and PED. It should also be noted that V505 from the two
primary sources had a high impact on SOP (> 97 %), as expected with
regard to its CRM status. However, in the indicators FETP, HTPc and
METP the electrolyte component sulfuric acid was dominant for the two
primary sources. Phosphoric acid only caused a significant contribution
to the electrolyte's impact in HTPc and electricity in PEDr,n.
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3.3. Environmental impacts of HESS production, use and EoL

This section presents the LCIA results for the production of all main
HESS components, as well as for the use and EoL phases of the HESS. The
entire HESS lifecycle was assessed in twelve scenarios, as visualized in
section 3.3.6 . Environmental hotspots were outlined.

3.3.1. Production phase of VRFB

Environmental impacts of VRFB production in several scenarios are
displayed in the SI. Vanadium electrolyte caused the highest share of the
total environmental impacts of VRFB production in almost all scenarios
and indicators, including GWP and PED. The only exceptions were HTPc
in the primary and recycling scenarios, and SOP in the recycling sce-
nario, where the VRFB-periphery was the dominant component. When
comparing all VRFB scenarios, the primary dataset V05 II led to the
highest overall impacts for the VRFB production in 10 out of 18 in-
dicators - including GWP, and regarding PED. In WCP, FETP, HTPc,
LOP, METP and MEP the secondary dataset V505 III showed the highest
impacts. The VRFB modeled with recycled electrolyte featured the
lowest impacts in 17 out of 18 impact indicators, with the only excep-
tions of HTPc, where the primary datasets VoOs I and V505 II led to
slightly lower results and LOP, where the primary dataset VoOs I led to a
slightly lower result. Even if originating from a secondary source, V205
I1T showed higher results in 11 indicators and regarding PED compared
to the primary dataset V,Os I. The VRFBs modeled with primary V205
datasets (V205 I and II) showed large differences, even with both of them
describing the same mining process in South Africa. In addition, one has
to keep in mind that results for V5,05 I would even be lower, when using
current allocation factors. The GWP for the production of the VRFB in
four scenarios ranged from 0.03 to 0.26 kg COz-eq/kWh, while the PED
accounted for 0.63 to 4.57 MJ/kWh. These values demonstrate the wide
range of possible LCIA results for the VRFB production, depending on
the selection of V205 datasets respectively the application of primary or
recycled electrolyte. However, the electrolyte remains the main
contributor in most categories and scenarios.

3.3.2. Production phase of SC, DC-DC converters and periphery

The SC was evaluated using primary or recycled nickel for the CCs of
the AC electrodes. The GWP of the SC production accounted for 6.7E-04
to 1.1E-03 kg CO2-eq/kWh, while the PED ranged from 1.4E-02 to 2.6E-
02 MJ/kWh. The electrodes — whether containing recycled or primary
nickel — were the main contributors to environmental impacts in almost
all impact indicators. The only exception was LOP, where nickel-coated
copper connectors were dominant in the recycling case. Also regarding
PED the electrodes were dominant. Using recycled nickel for CCs of the
AC electrodes reduced the environmental impacts of the SC production
in all investigated indicators and also decreased its PED. The GWP of the
DC-DC converter production accounted for 5.5E-03 kg CO2-eq/kWh and
the PED was 8.9E-02 MJ/kWh. The inductors caused the highest impacts
on converter production in most indicators, followed by the printed
wiring boards, which were dominant in four indicators. Only for ODP,
nylon came in second place after the inductors. Regarding the HESS
periphery (PCS, wiring and containers), the production of the steel
containers was dominant in all investigated impact categories and also
for PED.

3.3.3. Production phase of entire HESS

Fig. 7a and b present the GWP and PED for the production of the
entire HESS in several scenarios, as schematized in the SI. The GWP
accounted for 0.05 to 0.28 kg CO2-eq/kWh and the PED ranged from
0.95 to 4.88 MJ/kWh, with the highest impacts on GWP and PED caused
by the VRFB and its electrolyte. The VRFB was also dominant in most
other indicators and scenarios. However, this was not true for FETP,
HTPnc, METP and TETP, with the converters and inverter being the
major contributors, and also not for HTPc, with the periphery causing
the highest impact. The SC only had a minor impact on all impact
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LCIA results of production of recycled vanadium electrolyte
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Fig. 6. a) GWP and b) PED of production of 1 kg vanadium electrolyte (V,Os I (primary — updated) = value with updated allocation factors).

categories and on PED, causing for example only up to 2 % of the total
GWP. Therefore, we decided not to consider the recycled-nickel SC in
the HESS lifecycle scenarios, as this would only have a negligible in-
fluence on the overall LCIA results. Converters and inverter contributed
up to 25 % to the total GWP of the HESS production phase.

3.3.4. Use phase

When charging the HESS with a conventional European grid mix, the
electricity losses caused the majority of environmental impacts in 12 out
of 18 indicators, including GWP. The GWP of the HESS use phase ranged
from 0.01 to 0.20 kg CO2-eq/kWh, while the PED accounted for 6 to 14

10

MJ/kWh. As expected, the absolute impacts of the use phase were
generally lower when the HESS was charged with renewables than with
a conventional grid mix; this was true for example for GWP. However, in
FETP, FEP, HTPc, HTPnc, METP, SOP and TETP only minor differences
between electricity sources could be observed. In these category in-
dicators the inverter exchange was dominant irrespective of the applied
electricity source, except for SOP, which showed an equal share between
electricity losses and inverter exchange. In ODP the VRFB stack ex-
change had the highest relative impact when charging the HESS with
renewables. Also regarding PED, the electricity losses were the domi-
nant contributors, with higher impacts for PV and wind. The SC
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Fig. 7. a) GWP and b) PED of HESS production.

exchange only played a minor role in most scenarios and categories. To
sum up, the choice of electricity source had a major impact on the
overall LCIA results of the HESS use phase in many categories. This was
for example also observed by Weber et al. [21]. In addition, the ex-
change of the inverter strongly influenced a number of impact in-
dicators. For the lifetime of the inverter, a value of 10 years, hence one
exchange within the operational time of the HESS was adopted from
another publication [21], whereas for the converters the manufacturer
estimated a much longer lifetime of over 50 years. Depending on the
actual lifetime of the inverter, LCIA results of the use phase of the HESS
specifically for FETP, FEP, HTPc, HTPnc, METP and TETP can vary
strongly, while the changes in GWP or PED would be smaller. Graphs
indicating all LCIA results for the use phase are provided in the SI.

3.3.5. End-of-life phase

The GWP of the EoL phase without credits accounted for 0.02 kg
CO2-eq/kWh, while the GWP with credits ranged from —0.19 to 0.01 kg
CO2-eq/kWh. The PED without credits accounted for 0.38 MJ/kWh,
while the PED with credits ranged from -3.36 to 0.19 MJ/kWh. The PED
mainly originated from non-renewable sources. Regarding expenditures
and credits, the recycling process of vanadium electrolyte was dominant
in most indicators, including GWP and PED. Only in FETP, HTPc, HTPnc,
METP and TETP other processes clearly caused higher impacts. Further
details are provided in the SI.

3.3.6. Entire HESS lifecycle

Fig. 9 presents the GWP of the entire lifecycle of the HESS in twelve
scenarios, as schematized in Fig. 8. In 9 out of 12 scenarios the pro-
duction phase was the dominant lifecycle phase regarding GWP (48-86
%). Moreover, the vanadium electrolyte was the main contributor to
the production phase of the entire HESS in most scenarios (58-88 %),
except for those modeled with recycled electrolyte (HESS 10, 11 and 12)
(37 %). In scenarios HESS 1, 7 and 10, which were evaluated with the
conventional European grid mix for charging of the HESS, the use phase
caused the highest GWP impact (63-73 %). In scenario HESS 4, which
was also modeled with the conventional European grid mix, the share of
the use phase in the entire HESS lifecycle was 41 %.

The use phase was mainly shaped by the electricity losses during
charging and discharging (60-94 %), except for HESS 3, 6, 9 and 12,
which were modeled with wind power (39 %). The GWP for the entire
HESS lifecycle ranged from 0.10 to 0.53 kg CO3-eq/kWh. The GWP of
scenarios calculated with the primary V505 II dataset was generally
higher than that of scenarios calculated with V205 I and V205 111, as well
as with recycled electrolyte (cf. chapter 2.1.3). The highest lifetime GWP
was found for HESS 4, which was modeled with primary V205 by Blume
et al. [20] and with a conventional European grid mix for charging. The
lowest lifetime GWP resulted from HESS 11 and 12, which were
modeled with recycled vanadium electrolyte and charged with PV or
wind power. GWP hotspots in the lifecycle of the HESS are visualized in

HESS
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Fig. 8. Scenarios for entire lifecycle of HESS (chapter 2.1.3).
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Table 5, with hotspot factors indicated.

When investigating the results for other impact indicators, which are
presented in the SI, the production phase of the HESS was the dominant
lifecycle phase in most scenarios and indicators, with only a few
exceptions.

The PED of the HESS lifecycle (Fig. 10) ranged from 7.7 to 19.4 MJ/
kWh, which, again, underlines the wide range of possible results
depending on scenario parameters. In contrary to the GWP, the main
contributors to PED over all scenarios were the electricity losses that
occur during charging and discharging in the use phase of 20 years. In
second place was the production of vanadium electrolyte. The highest

12

PED could be observed in the PV charging scenarios (HESS 2, 5, 8 and
11), with however, the majority of the PED originating from renewable

sources.

4. Discussion

In this section, results of our study are compared to LCA studies from
the existing literature on VRFBs and LIBs. In a sensitivity analysis, the
effects of an alteration of the HESS storage efficiency on its environ-
mental performance were evaluated. Subsequently, data quality and
uncertainty, as well as limitations of our study, were discussed.
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Normalized GWP of SC production
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Fig. 11. a) GWP of production of 1 unit of industrial scale HESS and stand-alone VRFB (this study), compared to five benchmark VRFBs (original GWP results
extrapolated); b) GWP of production of SC (this study) compared to benchmark SCs; ¢c) GWP of HESS compared to LIB lifecycle, LIB 1 = NMC [19], LIB 2 = LTO [21],
LIB 3 = LTO, partly recycled materials [21], LIB 4* = NCA-C [86], LIB 5* = NCO-LTO [86]; *only production and use phase.

4.1. Benchmarking

Fig. 11a compares the GWP of the production of an industrial scale
stand-alone VRFB, based on data from this study, to the industrial scale
HESS and benchmark VRFBs. The results include the required AC-DC
inverter- and DC-DC converter-sizes, as well as the PCS, but do not
include housing or foundations. The GWP of the HESS production was 7
to 53 % higher compared to that of the stand-alone HyFlow VRFB. The
additional GWP expenses of the “high-power function” of the HESS
compared to the stand-alone VRFB are caused by the fact that the HESS
requires two DC-DC converters, a larger AC-DC inverter and a SC. The
DC-DC converters and the larger AC-DC inverter cause the major part of
these additional GWP expenses, whereas the SC itself only plays a minor
role. It must be noted that VRFBs and the HESS are not directly com-
parable, due to their differing fields of application and overall energy
efficiencies.

Five VRFBs from literature were selected for benchmarking
(Table 6). These studies assessed VRFBs of different sizes and applied
strongly differing numbers of dis—/charging cycles. Therefore, GWP
results as indicated in Table 6, could not be directly compared neither to
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each other, nor to the HyFlow stand-alone VRFB. Hence, to achieve
better comparability, the GWP results for the production of the bench-
mark VRFBs were extrapolated based on HyFlow parameters (net stor-
age capacity and net power); extrapolated values are presented in
Fig. 1la. It must be emphasized that this comparison is based on
approximations.

B, BIII and B V were modeled with the V5,05 I dataset, whereas B II
and B IV applied V,0s II. The HyFlow stand-alone VRFB with V505 II
showed a slightly higher GWP than B II and B IV, because our re-
modeling of the V505 II dataset resulted in a higher GWP per kg of
V205 than the original value published by Blume et al. [20]. This can be
explained by different used LCI database versions and the fact that
Blume did not indicate the exact used background LCI datasets that they
used for their V,05 model. Blume also contributed to the LCA of B IV,
hence being able to use the original V5,05 model. Therefore, we also
approximated our VRFB using the original Blume V,05 GWP value. In
this case, our VRFB exhibited a slightly lower GWP than the benchmark
VRFBs; however, this difference is not significant owing to the approx-
imated benchmark value. B I and B IV used different electrolyte chem-
istries than the one applied by B III and in our study and additionally, B
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IV updated the V505 I dataset (economic allocation with more recent
market prices for by-products). This impedes the comparability between
VRFBs modeled with V505 L.

A comparison of the SC presented in this study to benchmark SCs is
provided in Fig. 11b. S I [26] is an AC/acetonitrile SC with partly
recycled (a) or only primary AC and aluminum (b). SII [25] is an SC with
acetonitrile-based electrolyte and either graphene (a) or AC (b) elec-
trodes. S III [23] features AC electrodes from hard coal and an
acetonitrile-based electrolyte, and S IV contains AC from coconut shells
with either an ionic liquid (MPPyFSI) (a) or 1 M H2SO4 as electrolyte. S I
and S II are based on the same 5F/0.005 Wh SC cells [85]. In contrary to
all benchmark SCs, our SC features an aqueous electrolyte. The GWP per
kWh of storage capacity of our SC lies within the range of the benchmark
SCs. The highest GWP was caused by the graphene SC (S II a), which can
be attributed to its higher specific capacitance and higher energy con-
sumption for production [23]. Different used functional units, SC
chemistries and sizes render the comparability of these studies
challenging.
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Due to their overlapping, yet not identical, fields of application, a
comparison of the HESS to LIBs for stationary use regarding their
environmental performance is of interest. Three publications on the LCA
of stationary LIBs [19,21,86], covering different LIB types, were selected
for benchmarking as indicated in Fig. 11c. To render LCIA results
comparable, we applied the number of charge—/discharge cycles of our
study to the selected LIBs and used the same emission factors for PV. The
presented values in Fig. 11c include the production, use and EoL phases
(without credits).

It is important to note that our EoL model is not directly comparable
to those of the cited LIB studies: They finished after dismantling of the
HESS, while we also accounted for further recycling steps, until avail-
ability of a recycled product that can substitute a primary product.
Hence, our EoL results were higher. Moreover, for LIB 4 and LIB 5 no
GWP values for the EoL phase were available.

The LIB LCA studies cited here do not report a wide range of
midpoint impact category indicators and in some cases are even limited
to GWP. For the use phase, Le Varlet et al. [86] did not consider an
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Table 5
GWP hotspots in HESS lifecycle, indicating hotspot factors.
HESS production H:ZSES HES EoL

< % 4 > 8 ] (o -

2 g s 5 g |af| 2 @ = : 28 | w5

m = @ ) 5 ) AL 2 i~ @ o g9 Z2 =

ge = ) 2 > g 2 2 E £ = ) ZZ = 2

g s & E g 5 = ~ 8 & SE | =%

£ > S s o > O + 2
HESS 1 15% | 3% 0% | 3% | 2% | 3% 5% 2% | 0% | 0% 0%
HESS 2 7% 1% | 6% | 4% | 1% 12% 4% | 0% 1% 1%
HESS 3 7% 1% % | 4% | 7% 13% 4% | 0% 1% 1%
HESS 4 2% 0% | 2% 1% | 2% 3% 1% | 0% | 0% 0%
HESS 5 3% 0% | 3% 1% | 3% | 10% 5% 2% | 0% | 0% 0%
HESS 6 3% 0% | 3% 1% | 3% 7% 5% 2% | 0% | 0% 0%
HESS 7 3% 0% | 3% | 2% | 3% 5% 2% | 0% | 0% 0%
HESS 8 6% 1% | 6% | 3% | 6% 1% 3% | 0% 1% 1%
HESS 9 6% 1% 6% | 4% | 6% 1% 3% | 0% 1% 1%
HESS10 | 7% | 3% 0% | 3% | 2% | 3% 6% 2% | 0% | 0% 0%
HESS 11 | 18% | 8% 1% | 9% | 4% | 9% 15% 5% | 0% 1% 1%
HESS 12 | 20% | 9% 1% | 10% | 4% | 10% 17% 5% | 0% 1% 1%

Table 6
Specifications and GWP of production phase of HyFlow VRFB and benchmark
VRFBs.

D Power / storage No. of applied GWPyroduction [kg COo-
capacity cycles [—] eq/kWh]

BI[21] 723 kWhet / 6,000 8,176 0.038
kWhye

BII [20] 1,000 kWiyet / 20,000 0.036
8,000 kWhpe

B III [83] 500 kWhpe / 2,000 7,300 0.028
kWhyet

B1IV [84] 500 kWi, / 2,000 20,000 0.04
KkWhipet

BV [19] -/ 30 kWhyee 6,000 0.051

VRFB (this 5,143 0.26

study)

exchange of components in 20 years of operation of LIB 4 and LIB 5.
Weber et al. [21] accounted for a partly exchange of cells after 10 years,
which however, only resulted in a minor contribution to the environ-
mental impacts of the use phase (LIB 2, LIB 3). Da Silva Lima et al. [19]
assumed a lifetime of the LIB of 10 years, hence one complete exchange
in 20 years, which they already accounted for in the production phase
(LIB 1). When taking a closer look at the production phase of the HESS
and the LIBs in Fig. 11c, it got obvious that HESS 3, which was modeled
with V05 II [20], showed significantly higher results than the cited LIBs
in GWP and all other indicators. The HESS features a lower total effi-
ciency than LIBs and thus caused higher losses and higher associated
environmental impacts in the use phase. Hence, the HESS with this
primary electrolyte did not appear to be competitive with LIBs in terms
of environmental impacts. On the other hand, the HESS with recycled
electrolyte (HESS 11) featured a comparable lifecycle GWP as LIBs and
also exhibited a better or at least similar performance in terms of PMFP,
TAP and SOP (cf. SI). In HTP (sum of HTPc and HTPnc) the LIBs showed
lower indicator values than all HESS scenarios. The lower PED of the
cited LIB may be due to the higher total efficiency of LIBs [11]. In their
review paper, Ebner et al. [11] stated that the comparison between
VRFBs and LIBs in other studies often was not unambiguous, with rather
similar results regarding GWP and a better performance by the VRFB
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regarding HTP. In our case, the HESS performed worse than the LIBs in
the latter category, which may be due to its larger inverter and the two
additional converters compared to a stand-alone VRFB. There is no
distinct winner over all impact categories. It should be emphasized that
this comparison is not exhaustive, owing to the large number of different
LIB types and the fast ongoing development in this field. However, we
may conclude that the HESS, if produced with recycled electrolyte and
charged with renewables, could be a real competitor in terms of GWP to
LIBs for large-scale stationary energy storage.

4.2. Sensitivity analysis

Fig. 12a and b presents the results of the sensitivity analyses of the
HESS parameter “storage efficiency”. The first analysis, as depicted in
Fig. 12a, is based on a HESS modeled with primary V205 by Blume et al.
[20] and with the conventional European grid mix for charging. An
increase of the storage efficiency from 60 to 70 % would decrease the
GWP by approximately 10 %. The alteration of the storage capacity had
a strong impact on 7 out of 18 ReCiPe 2016 category indicators (+9 to
+30 %), as well as on the PED (£25 %). Other indicators only showed
minor reactions.

The same sensitivity analysis was repeated for a HESS produced with
recycled electrolyte (this study), and charged with PV. Results of the
second sensitivity analysis are displayed in Fig. 12b. In this case, the
GWP was only reduced by approximately 4.6 % when increasing the
efficiency from 60 % to 70 %, while the PED decreased by 22 %.

These sensitivity analyses demonstrated that improving the storage
efficiency enhanced the environmental performance of the HESS life-
cycle across many impact categories; however, these positive effects
were less pronounced for a HESS produced with recycled electrolyte and
charged with electricity from renewable sources. Moreover, possible
expenditures of future optimization measures (impacts of new or addi-
tional required materials, energy etc.) were not yet included in this
calculation.

4.3. Data quality and uncertainty

In this study, data uncertainty was addressed using multiple ap-
proaches, including scenario analysis, sensitivity analysis, and
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qualitative assessment of LCI data quality and uncertainty. All three
approaches concentrated on primary and secondary data responsible for
the GWP hotspots in the HESS lifecycle. Our LCA approach surely could
be determined as pLCA, for which research is ongoing on how to treat
uncertainty [87]. Simaitis et al. [88] highlight relevant and ground-
breaking works, such as (10-16), which are all heavily scenario-based.
Bisinella et al. [89] emphasize that the scenarios should be developed
in close collaboration with experts.

This study aimed at integrating the best available LCI data. In case of
the foreground HESS data this meant that we applied primary manu-
facturer data for the main components, even if upscaled. The only ex-
ceptions were the AC-DC inverter, which had to be approximated from a
readily-available ecoinvent dataset for a PV inverter, and the HESS pe-
riphery. However, for reasons of completeness, we chose to include
these components in the LCA of the HESS.

Regarding the applied background LCI datasets, the following must
be noted: For many products or processes more than one LCI background
dataset is available in commercial databases or in the existing literature,
often providing different LCIA results due to differing material param-
eters, production routes, geographical location etc. Hence, significant
effort went into selecting the most suitable datasets that (1) best describe
the respective product or process, (2) are valid from a temporal and
geographic perspective and (3) originate from reliable sources, such as
peer-reviewed literature or renowned LCA databases.

To assess the overall data quality and uncertainty of our LCA study,
we applied a simplified qualitative approach following Weidema and
Wesnes [90]. This five-dimensional methodology was further advanced
by ecoinvent [91-93]. A description of the entire assessment process, as
well as the intermediate results, are provided in the SI.

The first step of this methodology was data quality assessment
through a pedigree matrix, where each phase of the HESS lifecycle and
the main components were evaluated based on five data quality in-
dicators: reliability, completeness, temporal correlation, geographic corre-
lation, and technological correlation. The indicators were rated on a scale
from 1 to 5, where 5 indicates lowest and 1 highest data quality. The
pedigree scores of the HESS lifecycle phases accounted for the quality of
the (1) primary LCI data for HESS production, use and EoL, and the
quality of the (2) most relevant background datasets causing GWP hotspots
in each lifecycle phase. The overall scenario scores for each indicator
were then obtained by multiplying the pedigree scores of the single
lifecycle phases or components by their GWP hotspot factors (Table 5),
to give more weight to the main GWP contributors.

The pedigree scores for all 12 HESS lifecycle scenarios are shown in
Fig. 13a. It is evident that the pedigree scores are generally higher for
technological correlation than for the other indicators. This can be
attributed to the fact that LCI foreground data for production of the
HESS components were derived to a large extent from small-scale
commercial or laboratory setups and upscaled to industrial size.
Upscaling methodologies were applied in accordance with manufac-
turers respectively project partners; however, a certain deviation to real
large-scale setups may persist. The technological correlation scores for
HESS 8,9,11 and 12 were even lower, because, in these cases, LCI
background data for vanadium production were derived from laboratory
scale processes.

HESS 1-3 were rated with the highest scores in completeness and
reliability, due to the used literature source for V05 production, where a
problematic economic allocation of by-products was applied.

Medium to good ratings were achieved regarding credibility for HESS
4-12. We used LCI datasets originating from peer-reviewed publications
and renowned commercial LCA databases, with the oldest main litera-
ture source dating back to 2018.

Data quality in this LCA study was mainly limited by data avail-
ability, for example by primary data currently only available at the
laboratory scale or from smaller-scale commercial products. It would
certainly be of advantage to verify the obtained results with data from
real large-scale components or to approximate scaling effects in a future
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study.

To contextualize the results of this data quality assessment, it should
be noted that none of the indicators across all scenarios were rated >4, a
level we defined as acceptable. Moreover, a score of 1 (very good) is
difficult to attain and is generally limited to independently-verified
primary data from commercial applications of the corresponding scale
or very recent peer-reviewed sources.

In the second step of the applied methodology, the obtained pedigree
scores for each indicator were transferred to the variances (%) of a
lognormal distribution [92], which were used to calculate a total vari-
ance for each HESS lifecycle scenario [90]. Results for the HESS lifecycle
GWP with upper and lower bounds of a 95 % confidence interval are
displayed in Fig. 13b. The GWP of HESS 12 (recycled vanadium elec-
trolyte, wind power) has a mean value of 0.10 kg CO2-eq/kWh with its
lower bound at 0.07 and its upper bound at 0.15 kg CO2-eq/kWh. The
confidence interval is smaller in this scenario than for HESS 3 (primary
V205 [21], charged with wind power).

The results of uncertainty assessments for pLCA studies have to be
interpreted with caution, as they can potentially mislead readers. Their
interpretation also strongly depends on the goal of the LCA study: In case
of the HESS, the identification of environmental hotspots in its lifecycle
was of highest importance, as these findings can serve as a basis for
further technological development and may help to define basic pre-
conditions for technology deployment. However, if the exact LCIA re-
sults of the HESS are to be compared with those of other energy storage
technologies, such as LIBs, and used to support decision-making be-
tween the two options, data uncertainty becomes a critical factor. A
comparison between the HESS and LIBs is certainly of high interest for
stakeholders, therefore we included it in the benchmarking section.
However, owing to the diversity of LIB types, fast development in LIB
technologies and data uncertainties on both sides, this comparison is not
definite, exhaustive or suitable as a basis for decision making. This
objective is beyond the scope of our study.

4.4. Further limitations and outlook

As already stated by Blume et al. [20] and He et al. [49], it is
important to have standard and freely usable primary V,05 datasets on
regional and/or global levels at hand, specifically for the main
vanadium-mining countries China, South Africa and Russia. This allows
for a harmonization of LCIA results for VRFBs, for an evaluation of the
benefits of recycled electrolyte and for benchmarking with other ESTs.
Most primary datasets in the existing literature only describe gate-to-
gate processes, hence ignoring important process steps. This is a flaw
in our opinion, even if the main goal of some of these studies is the
comparison of different gate-to-gate production routes. Moreover, a
systematic assessment of currently available and possible future
amounts and environmental impacts of secondary V205 in Europe would
be of high interest for future research.

Further research is needed to improve and optimize the presented
recycling process for spent vanadium electrolyte, especially regarding
automated test plants. The recycling efficiency of 81.6 % by amount of
vanadium was relatively low, most likely due to the vanadium remain-
ing in the organic phase. Not all of this vanadium is lost, and it should be
possible to recover it, if the organic solution is reused in a subsequent
batch. However, this was not confirmed yet, as the focus was on the
proof-of-concept. Hence fresh solutions were used for each experiment
to begin from a defined starting point. Furthermore, a certain amount of
vanadium could be in a different oxidation state (3 or 5), where it is
more difficult to recover from the organic solution. This could only be
overcome by setting the oxidation state in the pre-processing step with
more precision. The long duration of the process can be overcome by
scaling up and using multiple extraction stages. As of yet, not all steps
were automated. For this study, valence adjustment required manual
intervention. However, a corresponding reactor can be included in a
recycling plant, either electrochemically with an electrolysis cell similar
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to the one used in this study, or chemically, for example using organic
oxidation agents in a continuous flow reactor, as described by [37] or
[94]. Process simulation and further upscaling of the process to indus-
trial scale should be targeted in future projects.

Our demonstrated recycling process represents a low level of tech-
nology readiness (TRL) and prospective LCA (pLCA) poses a number of
challenges, owing to necessary approximations, unforeseeable future
developments and possible technological changes. In our study, the LCA
framework of Piccinno et al. [82] for the upscaling of chemical processes
was applied to transfer LCI data from the laboratory scale recycling
process to a larger scale. Nevertheless, this approach can only be a first
approximation and special caution is required when interpreting the
obtained results and comparing them with data from processes at higher
technology readiness or even well-proven industrial processes. At an
early stage of process development, the most sensible purpose of LCA
usually is to identify environmental hotspots in the suggested process,
which can serve as a basis for process improvement [95] and which was
done in this study.

Most components of the vanadium electrolyte and the reagents used
in the electrolyte recycling process are classified as hazardous under the
UN's Globally Harmonized System (GHS) of Classification, Labelling and
Packaging of Chemicals [96]. Substances holding this classification
require a multitude of precautionary measures during manufacturing,
transport, storage, use and disposal, to protect humans and the envi-
ronment. The virgin and the waste vanadium electrolyte exhibit the
most severe health and environmental hazards of all involved reagents.
These include i.a. acute toxicity, cancerogenity, reprotoxicity, corro-
sivity and environmental hazards. The additional substances applied in
the recycling process, although not holding a CMR (cancerogenic,
mutagenic, reprotoxic) classification, add flammability and oxidizing
effects to the list of hazards. The health and environmental risks asso-
ciated with both the production and the recycling of vanadium elec-
trolyte are not only relevant in the lab environment, but are also key
elements that need to be taken into account in upscaling the recycling
process. This usually increases the project's complexity and expenses.
Recycled electrolyte, as demonstrated in this study, exhibited lower
cradle-to-gate environmental impacts than electrolyte prepared with
primary V,Os II. However, it still would be worth evaluating the po-
tential for substitution of hazardous substances, where possible. More
information is provided in the SI.

5. Conclusions

This article reports on the LCA of a new HESS for stationary power
storage that combines the advantages of a VRFB and a SC. The HESS was
demonstrated on industrial scale and is able to simultaneously deliver
high energy and high power (1,400 kWh / 900 kW). This LCA aimed to
identify environmental hotspots in all lifecycle phases and to derive
recommendations for an environmentally-friendly market deployment
of this novel technology. The LCA of the HESS was performed for a real
use case of consumption peak shaving in German industry over 20 years.

Foreground LCI data on the main HESS components, including used
materials and their masses, were directly supplied by manufacturers.
This enabled the generation of new inventories for the supercapacitor
and the DC-DC converters, addressing data gaps in the existing litera-
ture. Furthermore, a large quantity of background LCI data, for example
on the production of used materials or generation of consumed energy,
had to be compiled. On the one hand, the HESS components contain a
large number of materials, for some of which no readily available
datasets exist in literature. New datasets had to be created, for example
based on patents. On the other hand, for V,0s, the active component in
the VRFB's electrolyte with significant environmental impacts, a number
of datasets are available. These differ in their properties, such as
geographic location of mining and production, TRL, V205 source, degree
of product purity or LCA scope, resulting in a GWP ranging from 1 to
115 kg CO2-eq/kg V20s. This demonstrates that it is crucial to carefully
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examine the used V05 dataset for quality and applicability, as different
datasets can lead to strongly differing overall LCIA results for VRFB
production and the entire HESS lifecycle. Environmental impacts of
vanadium electrolyte modeled with three selected V05 datasets from
literature, two of which primary and one secondary, were compared. It
was observed that V,0s, regardless of the selected dataset, caused the
highest share of environmental impacts of electrolyte production in most
midpoint categories.

Moreover, a recycling process for waste vanadium electrolyte was
developed on laboratory scale, to investigate its potential for emission
reduction of the HESS. In a semi-automated plant, a recycling efficiency
of 81.6 % by amount of vanadium and a final product with a total va-
nadium concentration of 1.75 mol/1 were achieved. The recycled elec-
trolyte was suitable for direct use in a VRFB. The GWP of recycled
electrolyte at a vanadium concentration of 1.6 mol/1 was 0.91 kg CO»-
eq/kg, being lower than that of electrolyte prepared with V05 from
most primary sources.

Eventually, the environmental impacts of the entire HESS lifecycle
were analyzed in twelve scenarios, obtaining an overall GWP between
0.10 and 0.53 kg CO2-eq/kWh. This assessment revealed that V505 and
the electricity losses during charging and discharging represented the
main environmental hotspots. The scenario analysis demonstrated that
the overall impacts of the HESS could be significantly reduced, if recy-
cled electrolyte was used for the VRFB instead of primary one and if
charging was done with renewable electricity sources instead of a con-
ventional grid mix.

In a sensitivity analysis, the effects of an alteration of the system's
storage efficiency on its environmental impacts were investigated. The
effects depended on the parameters of the HESS: They were higher when
using primary V5,05 and conventional grid power for charging and less
pronounced with recycled electrolyte and renewable electricity.

Future efforts regarding a roll-out of this new technology need to
focus on the exploitation and LCA of secondary V505 sources and on the
establishment of a circular economy for vanadium electrolyte, specif-
ically in Europe. Additionally, the HESS should be limited to renewables
applications. Combined with further research into enhancing the sys-
tem's storage efficiency, this approach would allow for a reduction of the
environmental impacts associated with the storage losses of the HESS.
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