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Abstract

Background Sustainability aspects have become a main criterion for design next to performance of material
and product. Particularly the emerging field of energy storage and conversion is striving towards more sustain-
able solutions. However, implementing sustainability considerations during the design and development phase
of energy materials and products is challenging due to the complexity and broadness of the different dimensions
of sustainability.

Results Here, we demonstrate that by using the principles of Safe-and-Sustainable-by-Design (SSbD), a concept can
be formulated. This concept served as the basis for selecting and evaluating criteria and performance parameters
aimed at enhancing the safety and sustainability aspects of redox active molecules in an organic redox flow battery.
Following an iterative approach, the collected data provided valuable insights enabling us to fine-tune and enhance
the materials and processes in alignment with the identified parameters. (Social) life cycle assessment focused

on the workflow from sourcing, processing and generation of intermediate products to the quinone used in the redox
flow batteries and revealed important insights, highlighting critical steps in the process chain. Additionally, we identi-
fied two specific points of intervention regarding solvent and quinone choice, based on sustainability parameters.
The proposed solvent change resulted in a greener alternative [changed from tetrahydrofuran (THF) to 2-methyl-
tetrahydrofuran (MTHF)], and the ecotoxicity testing revealed MGQ and MHQS to be improved options. However, we
also faced severe challenges regarding access to reliable LCA data on the raw material sourcing.

Conclusion Taken together, the modified designs led to safer and more sustainable redox active materials

for both humans and the environment at lab scale. Implementing the results mentioned above to further expedite
the technology will ultimately pave the way to more sustainable energy storage applications. This study proved
the value of implementing of an SSbD concept in battery development is the main result of this study.
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Background

The past several years have been dominated by rapid
changes in European energy policies, triggered by climate
change and, recently, geopolitics [1, 2]. The increasing
share of renewables in electricity generation is a major
challenge for grid operators, as supply often does not
match demand and consumers are not always located
close to power generation sites. Seasonal changes fur-
ther exacerbate this mismatch. The main challenge we
are currently facing, is to manage this efficiently via back-
up solutions. While there is a plethora of ideas and con-
cepts available (e.g., energy quarters, island solutions) to
counteract this, the lack of energy storage systems (ESS),
and in particular batteries remains a hinderance [3].
Most battery technologies rely on critical raw materials
(CRMs), which are not available in sufficient quantities
in the European Union (EU) [4—8]. This involves metals
used in lithium-ion battery (LIB) technology (e.g., lith-
ium, cobalt), as well as vanadium used in redox flow bat-
tery (RFB) technology.

These batteries can be used to ameliorate fluctuations
in the grid. Both LIB and RFB technologies have recently
been reviewed regarding their assets from a technological
perspective [9, 10]. Safety issues of LIBs are extensively
described and include ignition due to thermal runaways,
often caused by dendrite formation. This leads to separa-
tor damage, failure and subsequently a short circuit [11].
In addition, recycling of LIBs poses several concerns,
causing major problems in the recycling value chains
[12]. Vanadium, used in RFBs, in turn is rather safe with
respect to fire hazards, but comes with high inherent tox-
icity at even small doses [13]. As these CRMs cannot be
mined in Europe, mining and transport of these materials
compromise the ecological benefits of these technologies
[14].

To assess environmental and social impacts regard-
ing the entire life cycle of a particular product or pro-
cess, (social) life cycle assessment (LCA) is performed.
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However, LCA of ESS faces several challenges which are
yet to be improved and mastered [15]. These challenges
include, but are not limited to, availability and quality of
technical performance data and LCA data, selection of
system boundaries, choice of impact categories, classifi-
cation of recycled material (including its quality) and the
number of available studies. Recently, a review has out-
lined the challenges that must be addressed for the RFB
ecosystem [16]. Due to the novelty level of the technol-
ogy, only a limited number of LCA studies are available.
The data gap further expands due to the lack of toxico-
logical data for both humans and the environment, which
may impede life cycle considerations.

It is therefore essential to focus on assessing and
improving safety and sustainability aspects of new tech-
nologies used in ESSs, employing the concept of Safe-
by-Design (SbD) and Safe-and-Sustainable-by-Design
(SSbD). The results discussed here are an outcome of the
SABATLE project [17], whose conception already incor-
porated the importance of SbD and SSbD into the pro-
posal. Based on delivered concepts within EU-funded
projects (such as R2R Biofluidics [18], Hi-Response [19],
INSPIRED [20], Smart-4-Fabry [21]), the approach to
address requirements for safety and sustainability was
further developed in-depth by considering strategic doc-
uments [22, 23] and tailoring to the ESS material sector,
more specifically to the biobased electrochemical species
for RFBs.

The concept of SbD has been recently extended by sus-
tainability criteria to cover a full life cycle view (Fig. 1)
to pave the way for SSbD innovations [24—27]. By focus-
ing on the delivered purpose of a product, rather than
its exact form, innovation can occur more broadly and
a wide range of possible candidates for application can
be considered [22]. In addition, a thorough understand-
ing of the regulatory requirements with which the prod-
uct must comply will help to create the ideal starting
conditions. This prevents late failures in the innovation
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Fig. 1 Safety and sustainability as an iterative design framework. Simplified workflow for where and how Safe-and-Sustainable-by-Design
during the design and innovation phase of a novel product (whether material, chemical or multicomponent product) can be applied
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process. Combined with an early business perspective,
this increases the focus on the conditions and needs of
the current market, as well as the barriers and challenges
that need to be overcome to enter the market.

In this study, safety and sustainability criteria and
performance parameters were selected and assessed in
parallel to the development process of the electrolyte
used here for RFBs. A potential solution to address the
above-mentioned technical issues is the use of redox
active biobased materials, which can either be employed
as redox active electrodes or as redox active species in
electrolyte formulations. Quinones are among the best
investigated biobased materials in this context as they
possess a highly reversible redox potential [28]. Some of
these redox active biobased materials and/or their pre-
cursors can be obtained in large scale from industrial side
streams [29]. Lignin in particular has attracted consid-
erable interest recently, which led to several approaches
being currently followed up to valorize lignin and its
depolymerization products in energy storage systems
[30, 31]. However, some of these redox active biobased
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materials, such as viologens or benzoquinone, feature
significant toxicity for both humans and the environ-
ment. In addition to these inherent toxicity properties,
the solvents used in synthesis processes often present
sustainability and safety concerns as well [32].

Hence, this research showcases that the implementa-
tion of the SSbD and the generation of project-specific
concepts, such as for SABATLE, can lead to the creation
of more eco-friendly materials in RFBs, offering guid-
ance for the development of environmentally sustainable
solutions.

Materials and methods
Additional information for Materials and methods can be
found in the Supplemental Material.

General approach

By gathering information to assess the performance
of candidate products against safety and sustainability
criteria, the life cycle was mapped under given system
boundaries using a workflow mapping template (Fig. 2).
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Fig. 2 Workflow mapping template for materials, processes, and products life cycle. Workflow mapping offers a comprehensive depiction

of the processes in question, along with a clear record of the input and output for all materials and (intermediate) products, as well as any
generated process waste. In general, the model concept is intended to provide innovators and Safe-and-Sustainable-by-Design (SSbD) experts
with a comprehensive overview of the entire process chain and should be updated accordingly during the analysis. Possible action points for SSbD
are indicated by a yellow dot. MSDS material safety data sheet, PS process step; PST first process step; PSn nth process step
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Assessment of the performance impact of each candidate
product throughout its life cycle encompassed various
dimensions related to SSbD. The analysis involved iden-
tifying all utilized chemicals in the production and/or
recycling process, as well as in waste streams. Potential
emissions and effects of potential exposure to hazardous
chemicals on human health and the environment were
thoroughly evaluated. This assessment drew upon data
from sources such as the European Chemicals Agency
(ECHA) database, LCA inventories, and ecotoxicity test-
ing. A comprehensive mapping of the resources used
and consumed was performed. Analysis of end-of-life
recovery and process waste handling was omitted, as it
is beyond the scope of this work. This evaluation was
performed by expert interviews and aimed to promote a
circular economy approach. The analysis further encom-
passed a wide range of potential environmental impacts,
including energy consumption, damage to ecosystems
during resource extraction and emissions of pollutants
and greenhouse gas within predefined system bounda-
ries. This assessment employed a streamlined LCA
approach to quantify emissions.

In addition to the environmental considerations, an
examination of potential social risks associated with
the quinone value chain was carried out using a generic
social life cycle assessment (sLCA). This analysis delved
into various social aspects related to the product’s life
cycle, aiming to identify and mitigate potential risks.

During the final phase of the approach, an evaluation
was conducted, considering the outcomes of prior stages,
and deliberating on potential further strategies. This
involved a thorough discussion and proposal of mitiga-
tion strategies based on the technical parameters and
chemical functionality criteria. To pursue improvements,
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the results of the avoidance strategy criteria were re-
evaluated and re-measured to identify the optimal solu-
tion under given conditions and predefined system
boundaries.

Materials inventory

As an outcome of the workflow mapping described in
Fig. 2 and the derived inventory of the chemicals used
in the synthesis of the battery electrolytes (Table 1),
safety information was gathered from different sources.
As a main source the ECHA database [33] was used.
In addition, the Classification, Labeling and Packaging
(CLP) inventory [34], which is part of the Registration,
Evaluation, Authorization and Restriction of Chemicals
(REACH) regulation [35], and the PubChem database
[36] were consulted.

Streamlined LCA

The environmental impacts of products or services can
be assessed by means of LCA (ISO 14040 and 14044,
2006) [37, 38]. The method itself is widely acknowledged
and defines four phases to perform an assessment [39]:

+ The goal and scope definition

+ The life cycle inventory (LCI)

+ The life cycle impact assessment (LCIA)
+ The interpretation phase.

For product systems in an early development stage,
preliminary screenings based on material and energy
balances can be performed using modeling tools which
require less accurate datasets, like generic datasets and
standard modules for transportation and energy produc-
tion [40-43].

Table 1 Material inventory for chemicals used in the synthesis of battery electrodes

Input Output
Chemical (molecular formula) PubChem CID Chemical (molecular formula) PubChem CID
Vanillin, solid 1183 MHQ 69,988
THF 8028 THF 8028
MTHF 7301 MTHF 7301
Sodium hydroxide (NaOH) 14,798 Sodium hydroxide (NaOH) 14,798
Sodium percarbonate (Na,CO5-1.5H,0,) 159,762 Sodium percarbonate (Na,CO5-1.5H,0,) 159,762
Water, deionized (H,0) 962 Water, deionized (H,0) 962
Toluol 1140 Toluol 1140
Sodium Nitrate (NaNO3) 24,268
Hydrogen peroxide (H,0,) 784 Hydrogen peroxide (H,0,) 784
Sodium carbonate (Na,CO5) 10,340
Carbon dioxide (CO,) 280

CID compound identification number
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A contribution analysis provides insights into the
materials and energy inputs contributing most to the
total impact of the product system. In the present work
a contribution analysis of MHQ is performed to identify
improvement potentials to avoid unintended impacts and
reduce environmental impacts. Hereby the functional
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unit is defined as 1 kg MHQ electrolyte to be used in
RFBs produced in Austria with the system bounda-
ries cradle-to-gate (Fig. 3, Supplemental Table 2) [44].
Importantly, the currently employed LCA method can-
not distinguish between the subtypes of quinones (e.g.,
MHQ, MQ, MGQ, MHQS). However, a streamlined
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Fig. 3 Simplified illustration of the system boundaries from cradle-to-gate including foreground and background processes

Table 2 Selected social indicators according to the SSbD framework (Joint Research Council of the European Commission). Adapted

from Caldeira et al. [25]

Stakeholder group Social aspect Indicator

Source

Workers Child labor

Forced labor
slavery

Health and safety

Non-fatal occupational injuries
Coverage of essential health services

Freedom of association and collec-
tive bargaining

Equal opportunities/discrimination
Local community Local employment

Society Corruption

Realization of children’s rights index
Estimated proportion Living in modern

Fatal occupational injuries

Collective bargaining coverage
Global right index

Gender inequality index
Unemployment rate
Corruption perception index

https://www.humanium.org/en/rcri/ [60]

https://www.globalslaveryindex.org/2018/
data/maps/ [61]

https://www.ilo.org/ [62]
https://www.ilo.org/ [62]
https://vizhub.healthdata.org/sdg/ [63]
https://www.ilo.org/ [62]

https//www.globalrightsindex.org/de/2023
[64]

https://hdr.undp.org/ [65]
https://www.ilo.org/ [62]

https://www.transparency.org/en/cpi/2018
[66]



https://www.humanium.org/en/rcri/
https://www.globalslaveryindex.org/2018/data/maps/
https://www.globalslaveryindex.org/2018/data/maps/
https://www.ilo.org/
https://www.ilo.org/
https://vizhub.healthdata.org/sdg/
https://www.ilo.org/
https://www.globalrightsindex.org/de/2023
https://hdr.undp.org/
https://www.ilo.org/
https://www.transparency.org/en/cpi/2018

Wolf et al. Energy, Sustainability and Society (2025) 15:10

LCA was performed for different routes of MHQ-gen-
eration (Route A versus Route B, compare Supplemental
Fig. 2 and Table 3). Due to lack of data availability for the
MTHEF in generic LCA databases, THF was considered
for both routes.

In the LCI phase the inputs and outputs of all the pro-
cesses from cradle-to-gate were collected. Different
sources were used to collect the data for the foreground
processes depicted in Fig. 3. The inventories for the
extraction of kraft lignin from black liquor were taken
from Culbertson and colleagues [45, 46]. For the invento-
ries of the vanillin extraction from kraft lignin a techno-
economic study by Khwanjaisakun et al. was used [47].
The inventories of the MHQ production and electro-
lyte composition were provided by the experts from the
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SABATLE project consortium. The LCIA was performed
using the software SimaPro 9.2.0.1 and Ecoinvent v3.7.1
for background processes. In the LCIA phase, the actual
impacts on the environment were calculated by first
selecting impact categories, category indicators and char-
acterization models [37, 38]. For the present study the
potential contribution to climate change with the impact
category Global Warming Potential (GWP) using the
characterization model IPCC 2013 GWP 100a V1.03 was
calculated. Since the hotspots can differ depending on
which impact category is investigated [16], the impacts
were also calculated using the EF 3.0 V1.01 LCIA method
including the impact categories climate change, ozone
depletion, ionizing radiation, photochemical ozone for-
mation, particulate matter, human toxicity (cancer and

Table 3 Material safety observations from input-output analysis of both synthesis routes A and B

Route A Hazard statements Route B Hazard statements
Vanillin, solid Skin Sens. 1 Vanillin, solid Skin Sens. 1
Eye Irrit. 2 Eye Irrit. 2
2-Methoxyhydroquinone Acute Tox. 4 2-Methoxyhydroquinone Acute Tox. 4
Skin Irrit. 2 Skin lrrit. 2
Eye Irrit. 2 Eye Irrit. 2
STOT SE 3 STOTSE 3
Aquatic Acute 1 Aquatic Acute 1
Tetrahydrofuran (THF) Flam. Lig. 2 2-Methyltetrahydrofuran (MTHF, for LCA Flam. Lig. 2
Acute Tox. 4 THF) Acute Tox. 4
Eye Irrit. 2 Skin Irrit. 2
STOT SE 3 Eye Dam. 1
Carc.2 Eye Irrit. 2
STOTSE 3
Sodium hydroxide (NaOH) Skin Corr. 1A Sodium hydroxide (NaOH) Skin Corr. TA
Sodium percarbonate (Na,CO5-1.5 H,0,) Ox.Sol. 2
Acute Tox. 4
Eye Dam. 1
Toluol Flam. Lig. 2
Repr. 2
Asp. Tox. 1
STOT SE 3
STOTRE 2 *
Skin Irrit. 2
Hydrogen peroxide (H,0,) Ox. Lig. 1
Acute Tox. 4
Skin Corr. 1A
Eye Dam. 1
Acute Tox. 4
STOT SE 3
Aquatic Chronic 3
Sodium nitrate (NaNO;) Ox. Sol. 2
Acute Tox. 4
Eye Irrit. 2
Carbon dioxide (CO,) - Carbon dioxide (CO,) -

Deionized water (H,0) -

Deionized water (H,0) -

Hazard statements obtained from ECHA (%) [33] or EU REGULATION (EC) No. 1272/2008 (scale) [34]

Asp. aspiration, Carc. carcinogenicity, Corr. corrosion, Dam. damage, Flam. flammable, Irrit. irritation, Lig. liquid, Ox. oxidizing, RE repeated exposure, Repr. reproductive
toxicity, SE single exposure, Sens. sensitization, Sol. solution, STOT specific target organ toxicity, Tox. toxicity; according to CLP a lower number indicates a higher
hazard [34]. A * indicates that importers/manufacturers are obliged to use the current grading but must classify in a more severe grading if additional information

becomes available
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non-cancer), acidification, eutrophication (freshwater,
marine and terrestrial), ecotoxicity, freshwater, land use,
water use and resource use (fossils and minerals and
metals).

Generic SLCA

The potential social risks in the MHQ value chain were
investigated by means of generic SLCA. In the case of
the SLCA, the focus of the investigation is on the interest
groups potentially affected by the activities or behaviors
“of organizations linked to the life cycle of the product
or service and from the use of the product itself” [48].
At the early stage in product development, it is rare to
know which companies will ultimately produce the prod-
ucts. In such cases the social risks on a country level
can be investigated with a 2nd-level SLCA as proposed
by Groif3-Fiirtner et al. [49]. That means that the coun-
tries involved in the production of the foreground pro-
cesses are identified and potential risks are analyzed by
collecting data for relevant indicators on a country level
[50, 51]. The first step was therefore to identify the coun-
tries which are potentially involved in the value chain of
MHQ. The first step of the value chain under investiga-
tion is to extract the kraft lignin from black liquor (Lign-
oBoost®, Valmet, Finland), a side stream in the pulp and
paper production [52]. The main producers of kraft lignin
are Finland, USA, Brazil, and Canada [52, 53]. Vanillin
is one of the most important flavoring chemicals with a
total vanillin output of 20 million kg from three major
routes (85% petroleum-based, 15% from lignin and <1%
from vanillin bean). Currently, all commercially available
lignin-based vanillin is produced from lignosulfonate by
Borregaard [52]. In this study, it is therefore assumed
that the vanillin is either produced in the facilities where
the kraft lignin is coming from or, as we envision for the
future, the kraft lignin, synthesis of vanillin, and MHQ
production will be carried out in Austria. After the iden-
tification of the affected regions, relevant indicators need
to be identified [54, 55]. Here we followed the suggestions
provided by the Joint Research Center (JRC) of the Euro-
pean Commission (EC) framework for SSbD, in which
the potential social impacts of the stakeholder groups,
workers, local communities and consumers are the ones
most often considered among stakeholder groups with a
total of eleven social aspects [25, 56]. In this context the
focus lies on developing safe and sustainable chemicals or
materials. Therefore, the objective of the generic SLCA
was to identify social risks of a potential future value
chain of MHQ, to provide insights and recommendations
on tackling critical social aspects even before a value
chain is set up. The social aspects and indicators cho-
sen for this study are summarized in Table 2. Due to the
early stage of development of the MHQ and the limited
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availability of primary data, some social aspects, i.e., fair
pay, working hours, community involvement, responsible
communication and consumer health and safety, are not
analyzed further. However, the stakeholder group Society
was included as the focus is on the social risks of a poten-
tial source of lignin, and corruption is an aspect that is
dealt with in this category.

The data collection was performed following the rec-
ommendations given in the methodological sheets of
the United Nations Environment Programme guidelines
[57]. Generic data were collected from publicly available
data sources, e.g., the International Labour Organization
(ILO), to quantify the selected indicators (see Table 2).
The data gathered were then normalized to standardize
the results on a scale of 0 to 1, where 0 is considered the
best and 1 the worst value within the countries identified
[58, 59]. This is illustrated in Fig. 8.

Results

Analysis of synthesis routes A and B—material safety
observations

The hazard potentials shown in Table 3 result from the
material safety analysis of the two synthesis routes A and
B and their corresponding chemical material inventory.
Both synthesis routes A and B have similar inventories,
with the main difference being the choice of solvent: THF
for route A and MTHF for route B. Additionally, tolu-
ene is absent from route B, while hydrogen peroxide and
sodium nitrate only occur in Route B.

Improving sustainability of MHQ synthesis by choosing

a greener solvent

THF is often produced from fossil raw materials and
thus suggested for replacement according to SSbD prin-
ciples. To that end, methyl-tetrahydrofuran (MTHEF) is
a suitable candidate [67]. Compared to THF, MTHF has
a slightly lower tendency to form peroxides, however, it
still warrants the use of a stabilizer (e.g., butylhydroxy-
toluol, BHT). Nevertheless, using MTHF in the synthesis
of MHQ allows reaching yields as high as those reached
by using THF (see Supplemental Fig. 1). Since MTHF can
be exclusively produced from biobased feedstock (as it is
a side-product of industrial furfuryl alcohol production,
which uses lignocellulosic feedstocks (e.g., corncobs,
bagasse)), replacing this solvent contributes to increase
sustainability of the reaction [68].

MHQ and MQ present as ecotoxic in Daphnia
immobilization assay

For toxicity testing, the established Daphnia immobiliza-
tion assay [69], which is used to assess environmental risk
assessment of new chemicals, was employed. The results
obtained after the treatment of Daphnia neonates with
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5 concentrations of the tested items to determine the
best range for the definitive test are shown in Fig. 4 and
Table 4. The DRF experiment in Daphnia was consid-
ered valid since <10 and >50% immobilization could be
detected in the vehicle and positive controls, respectively.
Based on the DRF results the test concentrations for the
definitive Daphnia immobilization assay were selected.
MHQ and MQ were highly toxic to the water flea Daph-
nia magna. A 50% immobilization of the investigated
daphnids by these two electrolytes was already detected
in the upper picomol range.

Adaptation of quinone synthesis

Due to the severe implication of MHQ and MQ in eco-
toxicity assays on daphnids, the synthesis of quinones
was modified in an iterative approach. Therefore, the
strategy was to modify the MHQ scaffold with other
functional groups. One strategy was to employ second-
ary amines, which can react with the MHQ in an addi-
tion—elimination type reaction. In this type of reaction,
the methoxy group of the MHQ is cleaved off and a sym-
metrically substituted diaminoquinone is obtained. Con-
cretely, we reacted the MHQ with NMEA, a secondary
amine to receive MGQ (see also Supplemental Fig. 1).
This reaction does not require any other solvents than
ethanol, and the product precipitates from this solution
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once the reaction has ended. Neither heating nor cool-
ing is required to run the reaction and after stirring over-
night the compound can be collected in the form of red
crystals after precipitation.

Additionally, MHQS was synthesized from MHQ.
MHQS has previously been described by Preger and col-
leagues; however, they employed the carcinogenic ben-
zoquinone as a starting product [70]. Here, we developed
an electrochemical synthesis route to obtain the MHQS
directly from MHQ (Supplemental Fig. 1). The reaction
does not rely on the use of toxic solvents. The resulting
molecule has a similar performance (though the cycla-
bility was tested in another medium, here phosphoric
acid versus sulfuric acid in the work of Preger et al.) as
described in literature [70] and features good cyclability
as proven by cyclovoltammetry (Supplemental Fig. 4).

MGQ and MHQS are non-toxic in Daphnia immobilization
assay

The newly synthesized quinones were subjected to the
same ecotoxicity test as their precursor MHQ and MQ.
In contrast to these, MGQ and MHQS were evaluated to
be non-toxic to daphnids since the percentage of immo-
bilized daphnids did not exceed 20% compared to the
control (Fig. 5 and Table 5). The results of the Daphnia
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Fig. 4 Results of the ecotoxicity tests on MHQ (A) and MQ (B) using Daphnia magna immobilization assay. CTL control, £C effective concentration

Table 4 Results of the ecotoxicity tests on MHQ and MQ using Daphnia magna immobilization assay

Test substance Concentration in DRF test Precip (yes  Concentrations for Daphnia EC50 EC10 Classif.
uM/no) immobilization assay 48 h 48 h

MHQ 1,3,61,412,1070 nM No 0.01,0.03,0.01,0.2,0.5,1.3,3.5,9.0nM 0.13nM 0.069 nM Toxic

MQ 1,8,22,146,986 nM No 0.004,0.01,0.03,0.1,0.2,05,1.2,3.2 nM 0.52 nM 0.04 nM Toxic

Classif. classification, DRF dose-response finding, EC effective concentration, Precip. precipitation
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immobilization are the most divergent outcomes of all
four assays since there are striking differences between
the toxic MHQ and MQ and the test items MGQ and

>
o

1001 MGQ 66 MHQS
< S
= 751 — 754
c c
e 9
.g 50. ....................................................................................... .g 50. .......................................................................................
% EC50 > 2500 uM % EC50 > 1000 M
g 25 EC10 = 2430 uM £ 25 EC10 > 1000 uM
S ° S
o OSSOSO 2. B B

01 * 0 e-- '—e----e-o-0o--o-v

CTL 10 102 103 CTL 10 102 103

Concentration [uM] Concentration [uM]

Fig.5 Results of the ecotoxicity tests on MGQ (A) and MHQS (B) using Daphnia magna immobilization assay. CTL control, EC effective
concentration

Table 5 Results of the ecotoxicity tests on MGQ and MHQS using Daphnia magna immobilization assay
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MHQS, which exhibit very low effect potential towards
the mobility impairment of daphnids. Differences in

Test substance

Concentration in DRF test  Precip (yes uM/no)  Concentrations for Daphnia EC50 EC10 Classif.
immobilization assay 48 h 48 h
MGQ 0.1,1,10, 100, 1000 pM 1000 20,39,78,156,313,625, 1250,2500 pM~ >2500 uM 2430 UM Non-toxic
MHQS 0.06, 0.6, 6, 60, 600 M 60, 600 8,16, 31,63, 125,250, 500, 100 uM >1000 uM  >1000 uM  Non-toxic

Classif. classification, DRF dose-response finding, EC effective concentration, Precip. precipitation

MHQ-based electrolyte
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Fig. 6 Environmental hotspots in terms of global warming potential (GWP) of the MHQ electrolyte. 100% represents the total impact, divided
up in different categories according to their respective proportion of the full impact
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the EC;, ranges between these two groups are of seven
orders of magnitude.

Environmental hotspots analysis of streamlined LCA
reveals energy input as major contributor to MHQ’s overall
GWP

In Fig. 6, the material and energy contributions of the
MHQ electrolyte to GWP, and its major contributors in
the upstream processes, i.e., the MHQ production and
the vanillin synthesis from kraft lignin, are illustrated.
The main contributor to the total GWP attributed to the
MHQ-based electrolyte is the MHQ production pro-
cess itself, which is responsible for almost 100% of the
released CO,. This is in significant part due to the kraft
lignin-based vanillin, which is responsible for almost 60%
of the GWP attributed to the MHQ. The GWP is deter-
mined largely by the required energy inputs (e.g., cool-
ing, electricity and heat) needed for vanillin production
(in total responsible for about 60% of the GWP attributed
to vanillin; energy inputs required for its upstream prod-
ucts are not considered here). When all energy inputs
required for the production process (from kraft lignin to
the MHQ-based electrolyte) are considered, their contri-
bution to the electrolyte’s total GWP amounts to about
80%—hence, the demanded energy represents the main
hotspot in terms of GWP.

Apart from the impacts related to energy demand,
the progress in quinone development (Route B of
MHAQ synthesis, Fig. 7) also impacted the total GWP.
When compared to Route A of MHQ synthesis, due
to a slightly lower synthesis yield, a higher amount
of vanillin input was assumed in Route B, which in
consequence increased the overall impact on GWP.
However, this is still connected to high uncertainties
regarding the vanillin-related input data, including
that the (slightly) different quantities used might also

A

200

MHQ synthesis via Route A versus B mm Hydrogen peroxide

mm Sodium nitrate

Bl Toluene, liquid
Water, deionized

B Sodium Hydroxide

mm THF/MTHF
Vanillin

150

100+

kg CO, eq

50+

Route A Route B

B Sodium percarbonate
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be attributable to design and data characteristics typi-
cal for early phases of technology development (see
[40]). On the contrary, the assumed input change in
chemicals from toluene and sodium percarbonate to
sodium nitrate and hydrogen peroxide would result in a
decrease of associated GWP impacts.

Social hotspots analysis revealed major country-specific
differences about safety and welfare of workers

The potential social risks of countries involved in the
kraft lignin production for selected social aspects
are summarized in Fig. 8. The results show that Bra-
zil forms a hotspot in most indicators (8/10). Also,
Canada and the United States indicate higher social
risks regarding collective bargaining coverage, global
rights index, and fatal occupational injuries. The col-
lective bargaining coverage depicts the extent to which
employees are covered by one or more collective agree-
ments on pay and/or conditions of employment [62].
The global rights index documents violations of inter-
nationally recognized collective labor rights by gov-
ernments and employers [64]. According to the data
from ILO, workers in Finland are at higher risk when
it comes to health and safety, according to a high num-
ber of non-fatal accidents reported (Fig. 8A). Austria
appeared as the country with the lowest risks for almost
all investigated indicators (Fig. 8A—C).

Discussion

The project-specific SSbD concept generated here
served to assess a specific set of quinones derived from
bio-based vanillin, which can be used in RFBs. The goal
of this procedure was to consider materials perfor-
mance and connect it to sustainability data, including

B MHQ synthesis via Route A versus B
(excluding Vanillin) mm Hydrogen peroxide

4 B Sodium nitrate
B Sodium percarbonate
Bl Toluene, liquid

Water, deionized

B Sodium Hydroxide
mm THF/MTHF

3

Route A Route B

Fig. 7 MHQ synthesis comparison of Route A and B based on kg CO, eq (A) and zoom in, disregarding vanillin (B). eq equivalents
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Fig. 8 Social risks or opportunities in different indicators, highlighting hotspot countries (A-C). Normalized values from 0: lower to 1: higher social

risks. Data extracted from [60-66]

ecotoxicity testing and putting it into the context of
social and environmental performance.

Safety and sustainability of quinone synthesis

was improved by greener solvent choice, omission

of toluene, and ultimately less toxic quinone variant
generation

The omission of hazardous chemicals, such as toluene
in this case, which was omitted in route B of MHQ syn-
thesis, improves the safety of the production process.
To achieve phase separation for the recovery of solvent
in the continuous process, NaNO; was used instead.
NaNOQ; is well known as a process chemical with well
manageable risk profiles. In addition to the listing of haz-
ard potential provided here, tools such as VEGA QSAR
[71] could improve the assessment and classification fur-
ther. The starting point for this study was MHQ. Substi-
tution of THF by MTHF provides not only similar yields
of MHQ, but is less toxic [72] and a greener alterna-
tive, due to reduced emission (by 97%, [73]), as it can be
sourced from renewable sources. Also, as a side-product,
it is economically competitive for THE. Another advan-
tage of MTHEF use in the context of MHQ synthesis is
the better drying properties of MTHF over THEF, facili-
tating the quantitative recovery of the solvent after phase
separation. This is an additional economic benefit, due
to facilitating circularity of the used solvent. The higher
boiling point (80 °C) compared to THF (64 °C) provides
a larger reaction window and improves the safety of the
process. However, it must be noted that the LCA used
here cannot depict differences due to the change of used
solvent at the current stage. To properly assess MTHF
in the LCA, extensive literature and data research would

be warranted, which is beyond the scope of this publica-
tion. Nonetheless, the possibility of employing ethanol
as a solvent has been investigated; however, the authors
reached the conclusion that the workup with other sol-
vents is a main hindering issue and significantly reduces
the yield of the process. Hence, the use of MTHF pre-
sents the optimal solution at the moment.

While this constitutes as acceptable improvement for
the sustainability of the reaction itself, the toxicity of
these compounds remains unknown. The newly synthe-
sized quinones MGQ and MHQS are recommended for
further use, as they presented with significantly superior
ecotoxicity outcomes compared to their precursors and
the state-of-the-art electrolytes used in RFBs, such as
vanadium oxide [13].

Improving energy efficiency to improve GWP of kraft lignin
to vanillin synthesis

As the main outcome of the streamlined LCA was poor
energy efficiency, this should be a prime focus for ame-
lioration. However, it should be noted that the mass and
energy balances had to be derived from limited available
data sources [47, 74], with the respective approaches not
yet primarily aimed at targets, such as increasing energy
efficiency or circularity. Thus, the current results do not
reveal the extent of potential savings or how the (yet to
be combined and upscaled) MHQ electrolyte production
process from kraft lignin would perform when compared
to the established vanadium electrolyte production.
However, the results do give an indication, based on cur-
rent knowledge, as to where the key levers in process
development lie and how to reduce its GWP. Accordingly,
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the focus should be on increasing resource efficiency in
MHQ electrolyte production and upstream processes.

The presented two synthesis variants indicate that
these adaptations to the processing serve as convincing
cases for implementing the SSbD approach, specifically
for applying the re-design steps. However, these changes
currently seem of secondary relevance when compared
to the kraft lignin-based vanillin input. Looking at the
results regarding the impact categories of the environ-
mental footprint (EF) method, the picture is similar to
the results regarding the GWP (Fig. 6) in respect to vanil-
lin being a hotspot in all other impact categories as well.
In other words, the focus should be on increasing energy
efficiency and establishing closed-loop operations in
general.

Monitoring and improving conditions in country of lignin
origin to enhance social impact

It should be noted that the results in Fig. 8 only depict
a comparison between the countries considered for sup-
plying the kraft lignin to identify social aspects where
special attention must be paid. If the kraft lignin is pro-
vided by a company from a country with higher risks in
a respective indicator, then measures should be imple-
mented to ensure that the social impact is kept as low as
possible. Such measures may include investigating if the
supplying company ensures a safe working environment
and good working conditions. Also, standards and man-
agement practices should be in place to avoid corruption,
forced labor or discrimination at respective supplying
companies. Regarding the extremely positive and nega-
tive risk scores (e.g., Fig. 8A) on reporting of non-fatal
occupational injuries, such as Finland, the data should
be considered with caution, as Finland [75] has a much
more rigorously enforced policy than other countries.
The United States, for example, is underreporting work-
place injuries and illnesses, which Pransky and colleagues
have attributed to fear of repercussions (cf. other social
aspects in the U.S. in Fig. 8, such as poor collective bar-
gaining coverage) [76].

Preparing to adhere to the potential legal regulations

for sustainable batteries

Batteries play a key role in the transition towards a zero-
emission mobility landscape and the effective storage of
intermittent renewable energy sources. Their importance
is further highlighted in the European Parliament’s report
“New EU regulatory framework for batteries’, which
emerged from the Thinktank in July 2021. The new pro-
posal on sustainable batteries aims to ensure that batter-
ies entering the EU market are to be sustainable and safe
throughout their entire life cycle. In summary, the EU’s
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focus on batteries as the keystone of its climate-neutral
journey is underpinned by three interlinked objectives:
harmonizing regulations, promoting circularity, and pri-
oritizing sustainability.

However, guidelines for RFBs are not included in the
scope of the proposed regulatory directive. Nonetheless,
the general considerations have been translated to the
present technology and thus considered in the SABA-
TLE SSbD concept. This includes information about raw
materials and the supply chain in general, carbon foot-
print, climate, and ecosystem impact by means of life-
cycle-assessment, considerations of end-of-life scenarios
and waste management, circularity, and information
about safety risks. By anticipating these steps in the cur-
rent study, we are striving to be prepared for the potential
implementation of regulations in the future.

Relation to the recently published SSbD framework

The JRC recently published a review, a framework and
methodological guidance for SSbD [25, 26, 77], which
shall support the transition towards safer and more sus-
tainable chemicals and materials, which has been fur-
ther expanded by a recommendation by the EC [27]. The
present study was conducted before the publication of
the EC’s documents, hence the exact stepwise approach
described within them was not applied. However, specific
steps of its implementation were already anticipated in
the concept as shown in this publication. In future stud-
ies, we will consider the framework as a guiding measure
to assess and improve SSbD. Case studies applying the
JRC SSbD framework to RFBs will improve the domain
of battery design in terms of safety and sustainability
tremendously.

Conclusions

In conclusion, the study accompanied and improved the
design process for bio-based compounds used in the
electrolyte of novel RFBs. The key highlights, actions
and pitfalls were identified and are presented in Fig. 9.
Social impacts were identified early in the process
chain in the form of country-specific concerns regard-
ing the sourcing of lignin. Streamlined LCA revealed
that the conversion of lignin to vanillin is the biggest
energy demanding factor. However, in literature only
one dataset was available, which did not consider reuse
of thermal energy. Further, fossil-based fuels were used
as primary energy sources; the use of renewable energy
in the processes was not considered. We are currently
working to generate our own dataset together with our
industrial partners. Taken together, the implemented
changes improved the RFBs in terms of sustainability
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Fig. 9 Schematic scheme of the process chain, highlighting the major findings and pitfalls

and the newly acquired knowledge for impact points
in the process chain will improve control and develop-
ment. It should be emphasized that the main objective
of the study was to highlight a concept for implement-
ing SSbD into battery development. The technology has
continued to improve, and more sustainable processes
are now available, which are being analyzed and will be
published.
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MGQ 2,5-Bis(N-methylethanolamino) cyclohexa-2,5-diene-1,4-dione

MHQ 2-Methoxyhydrogquinone

MHQS  Sodium 3,3",3” 3"-((3,6-dihydroxybenzene-1,2,4,5 tetrayl)
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MTBE Tert-butylmethylether

MTHF 2-Methyltetrahydrofuran

NMEA  N-Methylethanolamine

REACH  Evaluation, authorization and restriction of chemicals
RFB Redox flow battery

rom Rounds per minute

RVC Reticulated vitreous carbon
SbD Safe-by-design

SLCA Social life cycle assessment
SSbD Safe-and-sustainable-by-design
THF Tetrahydrofuran

TLC Thin layer chromatography

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513705-024-00503-x.

[ Additional file 1. }

Acknowledgements

We are grateful to Attila Primus and Barbara Ebner for graphical visualization
of the figures, Susanne Resch for support in structuring and organizing the
manuscript and Caitlin Ahern for proof reading.

Author contributions

CW conceptualized the study, contributed to the methodological design,
critiqued data collection and wrote parts of the manuscript and revised the
manuscript. JM carried out experiments, collected and analyzed data and
wrote parts of the manuscript. JW carried out assessments, collected and
analyzed data and wrote parts of the manuscript. GR, CL and SL carried out
experiments, collected and analyzed data. JVH wrote parts of the manuscript,
contributed to revising and graphical visualization. MR wrote parts of the
manuscript and contributed to revising the manuscript and graphical visuali-
zation. AW carried out experiments, collected and analyzed data. AM carried
out experiments, collected and analyzed data and wrote parts of the manu-
script. CMB carried out assessments, collected and analyzed data and wrote
parts of the manuscript. AF revised the manuscript and made suggestions
for improvement. SS conceptualized the study, supervised, wrote parts of the
manuscript, revised the manuscript and made suggestions for improvement.
All authors read and approved the final manuscript.

Funding

This work was supported by the Federal Ministry Republic of Austria for Cli-
mate Action, Environment, Energy, Mobility, Innovation and Technology (BMK)
and the Basque Institute for Occupational Safety and Health, Spain (OSALAN)
through funding of the project SABATLE in the SAFERA ERA-net (A partner-
ship between European research funding organizations which collaborate on


https://doi.org/10.1186/s13705-024-00503-x
https://doi.org/10.1186/s13705-024-00503-x

Wolf et al. Energy, Sustainability and Society (2025) 15:10

research programming and launch joint calls in the field of industrial safety;
specifically: SAFERA: Coordination of European Research on Industrial Safety
towards Smart and Sustainable Growth) call Nano Environment, Health and
Safety (NANO EHS) Transnational SAFERA JC 2020 of the Austrian Research
Promotion Agency (FFG). This work has also received BMK-supported funding
through the FFG and the call SAFERA Nano EHS Transnational SAFERA joint
call 2022 (project SUESS) and from the European Innovation Council (EIC)
under grant agreement No. 101115293 (VanillaFlow).

Availability of data and materials
No datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
SSis CEO of the company Ecolyte GmbH. GR is shareholder of the company
Ecolyte GmbH.

Author details

'BioNanoNet Forschungsgesellschaft mbH (BNN), Kaiser-Josef-Platz 9,

8010 Graz, Austria. “Institute of Bioproducts and Paper Technology, Graz Uni-
versity of Technology, Inffeldgasse 23, 8010 Graz, Austria. >Department of Envi-
ronmental Systems Sciences, University of Graz, Merangasse 18, 8010 Graz,
Austria. “Science, Technology and Society Unit, Graz University of Technol-
ogy, Sandgasse 36/1ll, 8010 Graz, Austria. °Institute of Chemical Engineering
and Environmental Technology, Graz University of Technology, Inffeldgasse
25,8010 Graz, Austria. °BBD BioPhenix SLU - Biobide, Paseo Mikeletegi 56,
20009 Donostia-San Sebastian, Spain.

Received: 6 December 2023 Accepted: 17 December 2024
Published online: 05 February 2025

References

1. European Commission (2019) The European Green Deal. Brussels. p.
COM(2019) 640 final.

2. United Nations (2015) Paris Agreement. Report of the Conference of the
Parties to the United Nations Framework Convention on Climate Change.
21st Session, Paris

3. ZhaoH,Wu Q, HuS, Xu H, Rasmussen CN (2015) Review of energy
storage system for wind power integration support. Appl Energy
137:545-553

4. European Commission (2020) Critical raw materials resilience: charting a
path towards greater security and sustainability

5. Beaudin M, Zareipour H, Schellenberglabe A, Rosehart W (2010) Energy
storage for mitigating the variability of renewable electricity sources: an
updated review. Energy Sustain Dev 14(4):302-314. https://doi.org/10.
1016/j.e5d.2010.09.007

6. Denholm P, Ela E, Kirby B, Milligan M (2010) Role of energy storage with
renewable electricity generation. United States. https://doi.org/10.2172/
972169.

7. Denholm P, Hand M (2011) Grid flexibility and storage required to achieve
very high penetration of variable renewable electricity. Energy Policy
39(3):1817-1830. https://doi.org/10.1016/j.enpol.2011.01.019

8. PleBmann G, Erdmann M, Hlusiak M, Breyer C (2014) Global energy stor-
age demand for a 100% renewable electricity supply. Energy Procedia
46:22-31. https://doi.org/10.1016/j.egypro.2014.01.154

9. Skyllas-Kazacos M, Cao L, Kazacos M, Kausar N, Mousa A (2016) Vanadium
electrolyte studies for the vanadium redox battery—a review. Chemsu-
schem 9(13):1521-1543. https://doi.org/10.1002/cssc.201600102

10. Armand M, Axmann P, Bresser D, Copley M, Edstrom K, Ekberg C, Guy-
omard D, Lestriez B, Novak P, Petranikova M, Porcher W, Trabesinger S,
Wohlfahrt-Mehrens M, Zhang H (2020) Lithium-ion batteries — current

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 14 of 16

state of the art and anticipated developments. J Power Sources
479:228708. https://doi.org/10.1016/j joowsour.2020.228708

. ChenY,Kang, Zhao Y, Wang L, Liu J, Li Y, Liang Z, He X, Li X, Tavajohi N,

Li B (2021) A review of lithium-ion battery safety concerns: the issues,
strategies, and testing standards. J Energy Chem 59:83-99. https://doi.
org/10.1016/j,jechem.2020.10.017

Baum ZJ, Bird RE, Yu X, Ma J (2022) Lithium-ion battery
recycling—overview of techniques and trends. ACS Energy Lett
7(2):712-719. https://doi.org/10.1021/acsenergylett.1c02602

Larsson MA, Baken S, Gustafsson JP, Hadialhejazi G, Smolders E (2013)
Vanadium bioavailability and toxicity to soil microorganisms and
plants. Environ Toxicol Chem 32(10):2266-2273. https://doi.org/10.
1002/etc.2322

Bachér J, Pohjalainen E, Yli-Rantala E, Boonen K, Nelen D (2020) Envi-
ronmental aspects related to the use of critical raw materials in priority
sectors and value chains. European Environment Agency, European
Topic Centre Waste and Materials in green Economy. Contract No.:
Eionet Report - ETC/WMGE 2020/5

Dieterle M, Fischer P, Pons M-N, Blume N, Minke C, Bischi A (2022) Life
cycle assessment (LCA) for flow batteries: a review of methodological
decisions. Sustainable Energy Technol Assess 53:102457. https://doi.
org/10.1016/j.seta.2022.102457

Ebner S, Spirk S, Stern T, Mair-Bauernfeind C (2023) How green are
redox flow batteries? Chemsuschem 16(8):202201818. https://doi.org/
10.1002/cs5¢.202201818
https://graz.elsevierpure.com/en/projects/sabatle-safety-assessment-
of-flow-battery-electrolytes, https://projekte.ffg.at/projekt/3845778.
Accessed 20 Oct 2023

Large scale micro-and nanofabrication technologies for bioanalytical
devices based on R2R imprinting. 2015-2019. https://doi.org/10.3030/
646260.

Innovative high resolution electro-static printing of multifunctional
materials. 2015-2018. https://doi.org/10.3030/646296.

Industrial scale production of innovative nanomaterials for printed
devices. 2015-2018. https://doi.org/10.3030/646155.

. Smart multifunctional GLA-nanoformulation for Fabry disease.

2017-2020. https://doi.org/10.3030/720942.

European Commission (2020) Chemicals strategy for sustainability
towards a toxic-free environment. Brussels. p. COM(2020) 667 final
European Environment Agency. https://www.eea.europa.eu/publicatio
ns/designing-safe-and-sustainable-products-1/delivering-products-
that-are-safe. Accessed 16 Oct 2023

Mech A, Gottardo S, Amenta V, Amodio A, Belz S, Bewadt S, Drbohla-
vova J, Farcal L, Jantunen P, Matyska A, Rasmussen K, Riego Sintes J,
Rauscher H (2022) Safe- and sustainable-by-design: the case of Smart
Nanomaterials. A perspective based on a European workshop. Regulat
Toxicol Pharmacol 128:105093. https://doi.org/10.1016/j.yrtph.2021.
105093

Caldeira C, Farcal L, Garmendia Aguirre I, Mancini L, Tosches D, Amelio A,
Rasmussen K, Rauscher H, Riego Sintes J, Sala S (2022) Safe and sustain-
able by design chemicals and materials — Framework for the definition
of criteria and evaluation procedure for chemicals and materials. Publica-
tions Office of the European Union

Caldeira C, Farcal R, Moretti C, Mancini L, Rauscher H, Riego Sintes J,

Sala S, Rasmussen K (2022) Safe and sustainable by design chemicals
and materials — Review of safety and sustainability dimensions, aspects,
methods, indicators, and tools. Publications Office of the European Union
European Commission (2022) COMMISSION RECOMMENDATION of
8.12.2022 establishing a European assessment framework for ‘safe and
sustainable by design’chemicals and materials

Han C, LiH, ShiR, Zhang T, Tong J, Li J, Li B (2019) Organic quinones
towards advanced electrochemical energy storage: recent advances and
challenges. J Mater Chem A 7(41):23378-23415. https://doi.org/10.1039/
CI9TA05252F

Noack J, Roznyatovskaya N, Herr T, Fischer P (2015) The chemistry of
redox-flow batteries. Angew Chem Int Ed 54(34):9776-9809. https://doi.
org/10.1002/anie.201410823

Schlemmer W, Nothdurft P, Petzold A, Riess G, Frihwirt P, Schmallegger
M, Gescheidt-Demner G, Fischer R, Freunberger SA, Kern W, Spirk S (2020)
2-methoxyhydroquinone from vanillin for aqueous redox-flow batteries.


https://doi.org/10.1016/j.esd.2010.09.007
https://doi.org/10.1016/j.esd.2010.09.007
https://doi.org/10.2172/972169
https://doi.org/10.2172/972169
https://doi.org/10.1016/j.enpol.2011.01.019
https://doi.org/10.1016/j.egypro.2014.01.154
https://doi.org/10.1002/cssc.201600102
https://doi.org/10.1016/j.jpowsour.2020.228708
https://doi.org/10.1016/j.jechem.2020.10.017
https://doi.org/10.1016/j.jechem.2020.10.017
https://doi.org/10.1021/acsenergylett.1c02602
https://doi.org/10.1002/etc.2322
https://doi.org/10.1002/etc.2322
https://doi.org/10.1016/j.seta.2022.102457
https://doi.org/10.1016/j.seta.2022.102457
https://doi.org/10.1002/cssc.202201818
https://doi.org/10.1002/cssc.202201818
https://graz.elsevierpure.com/en/projects/sabatle-safety-assessment-of-flow-battery-electrolytes
https://graz.elsevierpure.com/en/projects/sabatle-safety-assessment-of-flow-battery-electrolytes
https://projekte.ffg.at/projekt/3845778
https://doi.org/10.3030/646260
https://doi.org/10.3030/646260
https://doi.org/10.3030/646296
https://doi.org/10.3030/646155
https://doi.org/10.3030/720942
https://www.eea.europa.eu/publications/designing-safe-and-sustainable-products-1/delivering-products-that-are-safe
https://www.eea.europa.eu/publications/designing-safe-and-sustainable-products-1/delivering-products-that-are-safe
https://www.eea.europa.eu/publications/designing-safe-and-sustainable-products-1/delivering-products-that-are-safe
https://doi.org/10.1016/j.yrtph.2021.105093
https://doi.org/10.1016/j.yrtph.2021.105093
https://doi.org/10.1039/C9TA05252F
https://doi.org/10.1039/C9TA05252F
https://doi.org/10.1002/anie.201410823
https://doi.org/10.1002/anie.201410823

Wolf et al. Energy, Sustainability and Society

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

(2025) 15:10

Angew Chem Int Ed 59(51):22943-22946. https://doi.org/10.1002/anie.
202008253

Wenger J, Haas V, Stern T (2020) Why can we make anything from lignin
except money? Towards a broader economic perspective in lignin
research. Curr For Rep 6:294-308

Pearson JK (2019) European solvent VOC emission inventories based on
industry-wide information. Atmos Environ 204:118-124. https://doi.org/
10.1016/j.atmosenv.2019.02.014

European Union. https://echa.europa.eu/de/

European Union (2023) Regulation (EC) No 1272/2008 of the European
Parliament and of the Council of 16 December 2008 on classification,
labelling and packaging of substances and mixtures, amending and
repealing Directives 67/548/EEC and 1999/45/EC, and amending Regula-
tion (EC) No 1907/2006

European Union (2023) Regulation (EC) No 1907/2006 of the European
Parliament and of the Council of 18 December 2006 concerning the Reg-
istration, Evaluation, Authorisation and Restriction of Chemicals (REACH),
establishing a European Chemicals Agency, amending Directive 1999/45/
EC and repealing Council Regulation (EEC) No 793/93 and Commission
Regulation (EC) No 1488/94 as well as Council Directive 76/769/EEC and
Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/
EC

National Center for Biotechnology Information. https:.//pubchem.ncbi.
nim.nih.gov/.

International Organization for Standardization (2006) ISO 14040:2006.
Environmental management - Life cycle assessment - Principles and
framework

International Organization for Standardization (2006) I1SO 14044:2006.
Environmental management - Life cycle assessment - Requirements and
guidelines.

Finnveden G, Hauschild MZ, Ekvall T, Guinée J, Heijungs R, Hellweg S,
Koehler A, Pennington D, Suh S (2009) Recent developments in life cycle
assessment. J Environ Manage 91(1):1-21. https://doi.org/10.1016/j.
jenvman.2009.06.018

Chebaeva N, Lettner M, Wenger J, Schoggl J-P, Hesser F, Holzer D, Stern T
(2021) Dealing with the eco-design paradox in research and develop-
ment projects: The concept of sustainability assessment levels. J Clean
Prod 281:125232. https://doi.org/10.1016/j,jclepro.2020.125232

Ness B, Urbel-Piirsalu E, Anderberg S, Olsson L (2007) Categorising tools
for sustainability assessment. Ecol Econ 60(3):498-508. https://doi.org/10.
1016/j.ecolecon.2006.07.023

Hesser F (2015) Environmental advantage by choice: Ex-ante LCA for a
new Kraft pulp fibre reinforced polypropylene composite in comparison
to reference materials. Compos B Eng 79:197-203. https://doi.org/10.
1016/j.compositesb.2015.04.038

Bergerson JA, Brandt A, Cresko J, Carbajales-Dale M, MacLean HL, Mat-
thews HS, McCoy S, McManus M, Miller SA, Morrow WR, Posen ID, Seager
T, Skone T, Sleep S (2020) Life cycle assessment of emerging technolo-
gies: evaluation techniques at different stages of market and technical
maturity. J Ind Ecol 24(1):11-25. https://doi.org/10.1111/jiec.12954

Maier J, Yagmur R, Wickenhauser D, Torvisco A, Anne-Marie K, Spirk S
(2024) Electrochemical investigation of symmetric aminoquinones. J
Electrochem Soc 171:116504

Culbertson C, Treasure T, Venditti R, Jameel H, Gonzalez R (2016)

Life cycle assessment of lignin extraction in a softwood kraft pulp

mill. Nord Pulp Pap Res J 31(1):30-40. https://doi.org/10.3183/
npprj-2016-31-01-p030-040

Culbertson C, Venditti R (2016) Unit process data for lignin extraction in a
softwood kraft pulp mill. In: Commons UL (ed). https://doi.org/10.15482/
USDA.ADC/1410532.

Khwanjaisakun N, Amornraksa S, Simasatitkul L, Charoensuppanimit P,
Assabumrungrat S (2020) Techno-economic analysis of vanillin produc-
tion from Kraft lignin: feasibility study of lignin valorization. Biores Technol
299:122559. https://doi.org/10.1016/j.biortech.2019.122559

Benoit Norris C, Traverso M, Neugebauer S, Ekener E, Schaubroeck T,
Russo Garrido S, Berger M, Valdivia S, Lehmann A, Finkbeiner M, Arcese

G (2020) Guidelines for Social Life Cycle Assessment of Products and
Organizations 2020. United Nations Environment Programme 2020
Groi3-Furtner D, Mair-Bauernfeind C, Hesser F (2023) Proposing a
multi-level assessment framework for social LCA and its contribution

to the sustainable development goals. In: Hesser F, Kral I, Obersteiner

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.
65.

66.

67.

68.

69.
70.

71.

72.

73.

Page 150f 16

G, Hortenhuber S, Kihmaier M, Zeller V et al (eds) Progress in life cycle
assessment 2021. Springer International Publishing, Cham, pp 103-129
Ekener-Petersen E, Finnveden G (2013) Potential hotspots identified by
social LCA—part 1:a case study of a laptop computer. Int J Life Cycle
Assessment 18:127-143. https://doi.org/10.1007/511367-012-0442-7
Mair-Bauernfeind C, Zimek M, Asada R, Bauernfeind D, Baumgartner RJ,
Stern T (2020) Prospective sustainability assessment: the case of wood

in automotive applications. Int J Life Cycle Assessment 25:2027-2049.
https://doi.org/10.1007/511367-020-01803-y

Li T, Takkellapati S (2018) The current and emerging sources of technical
lignins and their applications. Biofuels Bioprod Biorefin 12(5):756-787.
https://doi.org/10.1002/bbb.1913

Dessbesell L, Paleologou M, Leitch M, Pulkki R, Xu C (2020) Global lignin
supply overview and Kraft lignin potential as an alternative for petro-
leum-based polymers. Renew Sustain Energy Rev 123:109768. https://doi.
org/10.1016/j.rser.2020.109768

Furtner D, Ranacher L, Perdomo Echenique EA, Schwarzbauer P, Hesser F
(2021) Locating hotspots for the social life cycle assessment of bio-based
products from short rotation coppice. Bioenergy Res 14:510-533. https://
doi.org/10.1007/512155-021-10261-9

Mair-Bauernfeind C, Zimek M, Lettner M, Hesser F, Baumgartner RJ, Stern T
(2020) Comparing the incomparable? A review of methodical aspects in
the sustainability assessment of wood in vehicles. Int J Life Cycle Assess-
ment 25:2217-2240. https://doi.org/10.1007/511367-020-01800-1
Desiderio E, Garcfa-Herrero L, Hall D, Segré A, Vittuari M (2022) Social
sustainability tools and indicators for the food supply chain: a systematic
literature review. Sustain Prod Consump 30:527-540. https://doi.org/10.
1016/j.5pc.2021.12.015

Traverso M, Valdivia S, Luthin A, Roche L, Arcese G, Neugebauer S, Petti L,
D'Eusanio M, Tragnone BM, Mankaa R, Hanafi J, C. BN (2021) Zamagni A.
Methodological Sheets for Subcategories in Social Life Cycle Assessment
(S-LCA). United Nations Environment Programme (UNEP)

Ibanez-Forés V, Bovea MD, Pérez-Belis VV (2014) A holistic review of applied
methodologies for assessing and selecting the optimal technological
alternative from a sustainability perspective. J Clean Prod 70:259-281.
https://doi.org/10.1016/jjclepro.2014.01.082

Yildiz-Geyhan E, Yilan G, Altun-Ciftcioglu GA, Kadirgan MAN (2019)
Environmental and social life cycle sustainability assessment of different
packaging waste collection systems. Resour Conserv Recycl 143:119-132.
https://doi.org/10.1016/j.resconrec.2018.12.028

Humanium. https://www.humanium.org/en/rcri/. Accessed 06 Nov 2023
Walk Free. https://www.walkfree.org/global-slavery-index/map/.
Accessed 06 Nov 2023

International Labour Organization. https://www.ilo.org/shinyapps/bulke
xplorer45/?lang=en&id=ILR_CBCT_NOC_RT_A. Accessed 17 Oct 2023
The Institute for Health Metrics and Evaluation. https://vizhub.healthdata.
org/sdg/. Accessed 06 Nov 2023

[TUC. https://www.globalrightsindex.org/de/2023. Accessed 17 Oct 2023
United Nations Development Programme. https://hdr.undp.org/.
Accessed 06 Nov 2023

Transparency International. https://www.transparency.org/en/cpi/2018.
Accessed 06 Nov 2023

Aycock DF (2007) Solvent applications of 2-methyltetrahydrofuran in
organometallic and biphasic reactions. Org Process Res Dev 11(1):156—
159. https://doi.org/10.1021/0p060155¢

Clarke CJ, Tu W-C, Levers O, Brohl A, Hallett JP (2018) Green and sustain-
able solvents in chemical processes. Chem Rev 118(2):747-800. https://
doi.org/10.1021/acs.chemrev.7b00571

OECD (2004) Test No. 202: Daphnia sp. Acute Immobilisation Test

Preger Y, Gerken JB, Biswas S, Anson CW, Johnson MR, Root TW, Stahl SS
(2018) Quinone-mediated electrochemical O2 reduction accessing high
power density with an off-electrode Co-N/C catalyst. Joule 2(12):2722-
2731. https://doi.org/10.1016/j.joule.2018.09.010

Istituto di Ricerche Farmacologiche Mario Negri IRCCS. https.//www.
vegahub.eu/portfolio-item/vega-gsar/. Accessed 31 Oct 2023

European Medicines Agency (2022) ICH guideline Q3C (R8) on impurities:
guideline for residual solvents, Step 5

Slater CS, Savelski MJ, Hitchcock D, Cavanagh EJ (2016) Environmental
analysis of the life cycle emissions of 2-methy! tetrahydrofuran solvent
manufactured from renewable resources. J Environ Sci Health A
51(6):487-494. https://doi.org/10.1080/10934529.2015.1128719


https://doi.org/10.1002/anie.202008253
https://doi.org/10.1002/anie.202008253
https://doi.org/10.1016/j.atmosenv.2019.02.014
https://doi.org/10.1016/j.atmosenv.2019.02.014
https://echa.europa.eu/de/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.jenvman.2009.06.018
https://doi.org/10.1016/j.jenvman.2009.06.018
https://doi.org/10.1016/j.jclepro.2020.125232
https://doi.org/10.1016/j.ecolecon.2006.07.023
https://doi.org/10.1016/j.ecolecon.2006.07.023
https://doi.org/10.1016/j.compositesb.2015.04.038
https://doi.org/10.1016/j.compositesb.2015.04.038
https://doi.org/10.1111/jiec.12954
https://doi.org/10.3183/npprj-2016-31-01-p030-040
https://doi.org/10.3183/npprj-2016-31-01-p030-040
https://doi.org/10.15482/USDA.ADC/1410532
https://doi.org/10.15482/USDA.ADC/1410532
https://doi.org/10.1016/j.biortech.2019.122559
https://doi.org/10.1007/s11367-012-0442-7
https://doi.org/10.1007/s11367-020-01803-y
https://doi.org/10.1002/bbb.1913
https://doi.org/10.1016/j.rser.2020.109768
https://doi.org/10.1016/j.rser.2020.109768
https://doi.org/10.1007/s12155-021-10261-9
https://doi.org/10.1007/s12155-021-10261-9
https://doi.org/10.1007/s11367-020-01800-1
https://doi.org/10.1016/j.spc.2021.12.015
https://doi.org/10.1016/j.spc.2021.12.015
https://doi.org/10.1016/j.jclepro.2014.01.082
https://doi.org/10.1016/j.resconrec.2018.12.028
https://www.humanium.org/en/rcri/
https://www.walkfree.org/global-slavery-index/map/
https://www.ilo.org/shinyapps/bulkexplorer45/?lang=en&id=ILR_CBCT_NOC_RT_A
https://www.ilo.org/shinyapps/bulkexplorer45/?lang=en&id=ILR_CBCT_NOC_RT_A
https://vizhub.healthdata.org/sdg/
https://vizhub.healthdata.org/sdg/
https://www.globalrightsindex.org/de/2023
https://hdr.undp.org/
https://www.transparency.org/en/cpi/2018
https://doi.org/10.1021/op060155c
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1016/j.joule.2018.09.010
https://www.vegahub.eu/portfolio-item/vega-qsar/
https://www.vegahub.eu/portfolio-item/vega-qsar/
https://doi.org/10.1080/10934529.2015.1128719

Wolf et al. Energy, Sustainability and Society (2025) 15:10 Page 16 of 16

74. Wongtanyawat N, Lusanandana P, Khwanjaisakun N, Kongpanna P,
Phromprasit J, Simasatitkul L, Amornraksa S, Assabumrungrat S (2018)
Comparison of different kraft lignin-based vanillin production processes.
Comput Chem Eng 117:159-170. https://doi.org/10.1016/j.compc
hemeng.2018.05.020

75. Occupational Safety and Health Administration in Finland. https://www.
tyosuojelu.fi/web/en/occupational-health/accidents. Accessed 18 Oct
2023

76. Pransky G, Snyder T, Dembe A, Himmelstein J (1999) Under-reporting
of work-related disorders in the workplace: a case study and review of
the literature. Ergonomics 42(1):171-182. https://doi.org/10.1080/00140
1399185874

77. European Commission JRC (2024) Abbate E, Garmendia Aguirre |,
Bracalente G, Mancini L, Tosches D, Rasmussen K, Bennett M, Rauscher H,
Sala S. Safe and sustainable by design chemicals and materials - Meth-
odological guidance: Publications Office of the European Union

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.compchemeng.2018.05.020
https://doi.org/10.1016/j.compchemeng.2018.05.020
https://www.tyosuojelu.fi/web/en/occupational-health/accidents
https://www.tyosuojelu.fi/web/en/occupational-health/accidents
https://doi.org/10.1080/001401399185874
https://doi.org/10.1080/001401399185874

	Safe-and-sustainable-by-design redox active molecules for energy storage applications
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	General approach
	Materials inventory
	Streamlined LCA
	Generic SLCA

	Results
	Analysis of synthesis routes A and B—material safety observations
	Improving sustainability of MHQ synthesis by choosing a greener solvent
	MHQ and MQ present as ecotoxic in Daphnia immobilization assay
	Adaptation of quinone synthesis
	MGQ and MHQS are non-toxic in Daphnia immobilization assay
	Environmental hotspots analysis of streamlined LCA reveals energy input as major contributor to MHQ’s overall GWP
	Social hotspots analysis revealed major country-specific differences about safety and welfare of workers

	Discussion
	Safety and sustainability of quinone synthesis was improved by greener solvent choice, omission of toluene, and ultimately less toxic quinone variant generation
	Improving energy efficiency to improve GWP of kraft lignin to vanillin synthesis
	Monitoring and improving conditions in country of lignin origin to enhance social impact
	Preparing to adhere to the potential legal regulations for sustainable batteries
	Relation to the recently published SSbD framework

	Conclusions
	Acknowledgements
	References


