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on lithium-ion and redox flow batteries used for energy storage 

Haoyang He a, Shan Tian b,c, Chris Glaubensklee a, Brian Tarroja c,d, Scott Samuelsen b,c, 
Oladele A. Ogunseitan e, Julie M. Schoenung a,* 

a Department of Materials Science and Engineering, University of California, Irvine, CA, United States 
b Department of Mechanical and Aerospace Engineering, University of California, Irvine, CA, United States 
c Advanced Power and Energy Program, University of California, Irvine, CA, United States 
d Department of Civil and Environmental Engineering, University of California, Irvine, CA, United States 
e Department of Population Health and Disease Prevention, University of California, Irvine, CA, United States   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Chemical hazard assessment of sub
stances used in six lithium ion and flow 
batteries. 

• Materials of high concern and specific 
hazard endpoints identified for each 
battery. 

• Data inconsistencies, data gaps and un
certainty evaluated for each material 
assessed. 

• Data aggregation approach developed 
for both material and product based 
assessments. 

• Multi-criteria decision analysis applied 
to identify safer battery alternatives.  
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A B S T R A C T   

Batteries are important for promoting renewable energy, but, like most engineered products, they contain 
multiple hazardous materials. The purpose of this study is to evaluate industrial-scale batteries using Green
Screen® for Safer Chemicals, an established chemical hazard assessment (CHA) framework, and to develop a 
systematic, transparent methodology to quantify the CHA results, harmonize them, and aggregate them into 
single-value hazard scores, which can facilitate quantitative comparison and a robust evaluation of data gaps, 
inconsistencies, and uncertainty through the implementation of carefully selected scenarios and stochastic 
multicriteria acceptability analysis (SMAA). Using multiple authoritative toxicity data sources, six battery 
products are evaluated: three lithium-ion batteries (lithium iron phosphate, lithium nickel cobalt manganese 
hydroxide, and lithium manganese oxide), and three redox flow batteries (vanadium redox, zinc-bromine, and 
all-iron). The CHA results indicate that many materials in these batteries, including reagents and intermediates, 
inherently exhibit high hazard; therefore, safer materials should be identified and considered in future designs. 
The scenario analysis and SMAA, combined, provide a quantitative evaluation framework to support the 
decision-making needed to compare alternative technologies. Thus, this study highlights specific strategies to 
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reduce the use of hazardous materials in complex engineered products before they are widely used in this 
rapidly-expanding industry sector.   

1. Introduction 

Concerns about environmental threats such as climate change, air 
pollution, and water pollution have motivated the deployment of 
alternative energy resources and the technologies that support them 
(Larcher and Tarascon, 2014). For example, California is searching for 
solutions through implementing policies such as the Renewables Port
folio Standard (RPS) and Senate Bill 100 which requires 60 % of retail 
electricity sales to be sourced from renewable resources by 2025 and 
100 % of the electric demand to be met by zero-carbon electricity re
sources by 2045 (CA Senate Bill No.32, 2016; CA Senate Bill No.100, 
2018). Meeting the RPS and SB 100 goals will likely depend strongly on 
the use of wind and solar energy (California Energy Commission, 2021). 
However, these resources can cause mismatching of electricity demand 
and supply due to the variability of their electricity generation profile. 
Energy storage can be an effective way to compensate for this mismatch 
and enable a high renewable penetration level on the electric grid, and 
in particular, battery storage technologies provide a high-efficiency so
lution towards this end. Currently, various battery technologies are 
being considered to fulfill such a role such as lithium-ion batteries and 
flow batteries. Of these two battery technologies, lithium-ion batteries 
are currently ubiquitous due to their high energy density enabling use in 
portable applications and generally lower cost annually per battery pack 
(Schmidt et al., 2019a; Wood III et al., 2015). In addition to enabling the 
proliferation of electric vehicles, lithium-ion batteries can be potential 
candidates for large scale grid-connected energy storage (Hiremath 
et al., 2015; Schmidt et al., 2019b; Tarroja et al., 2016). Although flow 
batteries are configured to have lower energy density compared to 
lithium-ion batteries, they have the potential to be better customized to 
provide services to a renewable grid due to their ability to independently 
configure their power and energy capacity. These benefits render flow 
batteries as a potential key component of renewable energy system 
infrastructure (Tian et al., 2021). 

While renewable energy systems are considered to have lower 
environmental impacts compared to non-renewable alternatives, the 
manufacturing of batteries to scale-up their use is not burden-free. 
Sustainability assessment fulfills the key role of identifying the envi
ronmental trade-offs associated with the deployment of renewable en
ergy systems. Research projects focusing on sustainability assessment of 
batteries are emerging under the pressure to promote cleaner energy 
use. For example, life cycle assessments have been conducted to inves
tigate the environmental impact of implementing battery storage tech
nologies (da Silva Lima et al., 2021; Ellingsen et al., 2014; Liang et al., 
2017; Weber et al., 2018). Materials flow analysis has been applied to 
explore the resource criticality in the materials supply chain (Olivetti 
et al., 2017; Song et al., 2019). Risk assessment has been conducted to 
study the physical hazards (e.g., flammability) caused by chemical 
exposure to highlight the safety issues of battery use (Blum and Long, 
2016; Chen et al., 2021; Kang et al., 2013; Kalhoff et al., 2015; Liu et al., 
2018; Lisbona and Snee, 2011). In addition, strategies on sustainable 
waste management of end-of-life battery have also been investigated to 
facilitate the circular economy (Awasthi et al., 2021; Harper et al., 2019; 
Tenaw et al., 2021). However, most of the published research focused on 
relatively mature, commercially available technologies such as lead-acid 
batteries and conventional lithium-ion batteries. Additionally, previous 
studies have not systematically evaluated the inherent toxicity and po
tential hazard to human health and the environment associated with 
materials use throughout the battery production chain. Therefore, there 
is a need to conduct systematic hazard assessments for emerging energy 
storage technologies such as advanced lithium-ion and novel flow bat
teries to better support decision-making regarding the development and 

deployment of grid-connected energy storage. 
In response to the current demand for safer and cleaner products 

before they are commercialized, chemical hazard assessment (CHA), 
which is designed to assess the toxicity and hazard of a chemical for a 
given application, is endorsed by legislative initiatives, governmental 
and non-governmental organizations, and research institutes (Depart
ment of Toxic Substances Control, 2021; National Research Council, 
2014; United States Environmental Protection Agency, 2021a). The 
principle of CHA makes it a powerful tool to evaluate and identify 
chemicals of high concern used for the production of engineered prod
ucts (Aschberger et al., 2017; Eisenberg et al., 2013; He et al., 2019a; 
Prat et al., 2016). Nevertheless, the current CHA framework is only 
designed to assess and compare individual chemicals, whereas engi
neered products such as batteries consist of complex materials, func
tional components, and of course the whole product. Aggregating 
hazard, toxicity and CHA-derived data for decision making at the 
component and/or product level is non-trivial with existing CHA tools 
and frameworks and is further compounded by data gaps and uncer
tainty. Methodological development for a CHA framework that can 
accommodate an expanded assessment boundary is urgently needed to 
facilitate product comparisons that account not only for conventional 
attributes such as performance and cost, but also potential impact to 
human health and the environment. In addition, strategies are need for 
addressing the data gaps, data inconsistencies and quantitative charac
terization of assumptions in such a framework. These uncertainties can 
be evaluated using scenarios and decision analysis methods. 

Decision analysis is a viable approach to evaluate trade-offs when 
confronted with divergent results given the variety of hazard endpoints 
evaluated (Jacobs et al., 2016; OECD, 2021). A review of the literature 
shows few attempts to apply decision analysis in the CHA framework, 
using various methods and tools ranging from informal rules based on 
expert judgment to complex statistical methods (Linkov et al., 2009; 
Malloy et al., 2017; OECD, 2021). Multi-criteria decision analysis 
(MCDA) is a quantitative and systematic approach that assesses multiple 
criteria in decision making. While commonly used for business cases, 
MCDA has been only occasionally applied in sustainability assessments 
such as life cycle assessment, risk assessment, and alternative analysis, 
facilitating data aggregation, uncertainty analysis and comparison of 
alternatives (Cinelli et al., 2014; He et al., 2019b; Khakzad and Reniers, 
2015; Khan et al., 2018; Zanghelini et al., 2018; Zheng et al., 2019). 
When applying MCDA in CHA, the model construction and problem 
scoping, the selection of proper MCDA methods, the rules for criteria 
evaluation, and the choices for weighting schemes, should be carefully 
and systematically considered. 

To our knowledge, the current literature does not provide an up-to- 
date, systematic, and comprehensive hazard assessment of materials 
used in batteries that are essential to their functionality. Before batteries 
with various chemistries are installed extensively throughout the world, 
consideration of material hazard is urgently needed to minimize po
tential risk and exposure. Thus, the goal of this study is to investigate the 
inherent toxicity and hazard associated with the materials contained in 
battery products used for energy storage on the grid. Furthermore, a 
robust quantification and data aggregation approach coupled with 
MCDA is applied to integrate the results from various hazard endpoints 
and evaluate uncertainty through the application of scenario analysis. 
We systematically evaluated six types of battery technologies, which 
include three lithium-ion batteries (LIBs): lithium iron phosphate (LFP), 
lithium nickel cobalt manganese hydroxide (NCM), and lithium man
ganese oxide (LMO) (Majeau-Bettez et al., 2011; Notter et al., 2010); and 
three redox flow batteries (RFBs): vanadium redox (VRFB), 
zinc-bromine (ZBFB), and all-iron (IFB) (He et al., 2020). GreenScreen® 
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for Safer Chemicals version 1.4 (GreenScreen®) and stochastic multi
criteria acceptability analysis (SMAA) are used for CHA and MCDA, 
respectively (Clean Production Action, 2021a; Lahdelma et al., 1998; 
Lahdelma and Salminen, 2001). The important contributions of our own 
study were two-fold: (1) a systematic evaluation of toxicity and hazard 
endpoints for primary materials and reagents/intermediates in these six 
batteries, and (2) development and implementation of a viable approach 
to quantify and aggregate the disparate toxicity and hazard endpoint 
data on materials into hazard scores for complex, multi-material, engi
neered products, allowing for the consideration of uncertainty through 
scenario analysis in combination with decision analysis methods to 
robustly yet transparently compare alternatives. 

2. Materials and methods 

As shown in Fig. 1a, the integrated assessment approach used in this 
study include: description of the components and materials from which 
the battery products are made; conducting the chemical hazard assess
ment (CHA); and developing a robust, yet systematic and transparent, 
assessment approach to aggregate the CHA data to the battery product 
level allowing for comparison using decision analysis methods. Specific 
strategies for developing the assessment framework include: harmo
nizing data inconsistencies among variable data sources and hazard 
endpoints, evaluating reagents and intermediates for polymeric mate
rials and other compounds for which direct hazard data do not exist, 
converting qualitative hazard descriptions into quantitative hazard 
scores for numerical computation, comparing the material-specific 

Fig. 1. (a) The integrated assessment framework used to evaluate toxicity and hazard for energy storage battery technologies. The structure and component il
lustrations for: (b) lithium-ion batteries and (c) redox flow batteries. 
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results when aggregated either by hazard frequency or by material mass, 
and aggregating hazard scores for materials into hazard scores for bat
tery products, so that the comprehensive hazard profile of each battery 
product can be compared by implementing multiple scenarios and 
multi-criteria decision analysis. Each step is described in detail below. 

2.1. Materials in six selected energy storage battery products 

In Fig. 1b and c, schematic diagrams illustrate the internal structures 
and major components for LIBs and RFBs, respectively. Specifications 
for the battery components and the associated mass fractions are pro
vided in Tables S1 and S2 in the Appendix I-Supplemental Information 
(SI). To focus on components that are essential for battery function, 
peripheral components such as the battery management system, 
inverter, battery packaging, and accessories (shaded in gray in Tables S1 
and S2) are not included in our assessments since these can vary 
significantly from manufacturer to manufacturer. Instead, our assess
ments only consider the functional components, i.e., the battery cell 
components, for all six battery types. The configurations for the three 
LIBs are similar to each other regardless of the different chemical types. 
The components of the cell stack for all three LIBs include electrodes 
categorized as cathodes and anodes, separators inserted to divide the 
two electrodes, and electrolytes between the cathode and anode (Zubi 
et al., 2018). Substrates used as current collectors are typically made of 
aluminum and copper. RFBs differ from LIBs in that the electrolytes are 
stored in external tanks that are connected to the cell stack via pipes and 
pumps, enabling physical separation of the power and energy capacity 
subsystems (Chalamala et al., 2014; Leung et al., 2012). Unlike LIBs in 
which the key materials that conduct the redox reactions are embedded 
in the cathode, the active species for RFBs are dissolved in the electro
lytes (Noack et al., 2015). Other components inside the RFBs cell stack 
include the bipolar plate, cell frame, electrode, membrane, and current 
collector. In our case, the ZBFB does not include an additional electrode 
and membrane materials compared to VRFB and IFB due to the use of an 
integrated titanium bipolar plate instead of a more traditional 
carbon-based bipolar plate. For both LIBs and RFBs, the most robust 
industrial-scale life cycle inventory data were used as the basis for the 
evaluation in this study. Specifically, for LIBs, the inventory of primary 
materials was derived from published industrial-scale life cycle assess
ment (LCA) studies (Majeau-Bettez et al., 2011; Notter et al., 2010). 
These studies report the use of different cathode active materials, which 
distinguish the three LIBs. There are also different material choices for 
components such as the separator and electrode binder and solvent. Data 
on the primary materials in RFBs were collected from manufacturers, as 
detailed in the study by He et al. (2020). The main difference between 
the three RFBs is the different active materials used as electrolytes. Data 
from manufacturers indicate that material choices for the bipolar plate, 
cell frame, current collector, and tank also vary (He et al., 2020). 

2.2. Chemical Hazard Assessment 

We used GreenScreen® for Safer Chemicals version 1.4 (Green
Screen®), developed by Clean Production Action, to assess chemicals 
based on their hazard endpoints, which allows for the conversion of the 
results into “benchmark scores” using transparent and systematic 
criteria (Clean Production Action, 2021a). GreenScreen® has become 
widely accepted and incorporated into various standards and programs 
that promote the minimization of toxic chemicals usage, such as 
Cradle-to-Cradle Certified®, EPEAT Registry, and TCO certified (Cradle 
to Cradle Products Innovation Institute, 2021; Global Electronics 
Council, 2021; Swedish Confederation of Professional Employees, 
2021). GreenScreen® is also applied in many industrial sectors with its 
certification programs for the identification of products that may 

Table 1 
The hazard endpoint information included in GreenScreen® for Safer Chemicals 
(Clean Production Action, 2021a).  

Hazard Groups Hazard Endpoints 

Human Health Group I Carcinogenicity (C), Mutagenicity & Genotoxicity (M), 
Reproductive Toxicity (R), Developmental Toxicity (D), 
Endocrine Activity (E) 

Human Health Group II Acute Mammalian Toxicity (AT), Systemic Toxicity & 
Organ Effects (ST-single), Neurotoxicity (N-single), Skin 
Irritation (IrS), Eye Irritation (IrE) 

Human Health Group II* Systemic Toxicity & Organ Effects* Repeated Exposure 
sub-endpoint (ST-repeated), Neurotoxicity * Repeated 
Exposure sub-endpoint (N-repeated), 
Skin Sensitization (SnS), Respiratory Sensitization (SnR) 

Environmental Toxicity 
& Fate 

Acute Aquatic Toxicity (AA), Chronic Aquatic Toxicity 
(CA), Persistence (P), Bioaccumulation (B) 

Physical Hazards Reactivity (Rx), Flammability (F)  

Table 2 
Conversion of qualitative hazard endpoint descriptions to quantitative hazard 
scores.  

Toxicity Group Qualitative Hazard Endpoint 
Description 

Hazard 
Score 

Carcinogenic and Mutagenic 
Toxicity (C, M) 

Strong evidence of negative studies, 
no hazard data, considered safe  

1 

“Low (L)” hazard level specified by 
GreenScreen®  

2 

“Moderate (M)” hazard level 
specified by GreenScreen®  

3 

“High (H)” hazard level specified by 
GreenScreen®  

4 

Reproductive, Developmental, 
and Endocrine Toxicity (R, 
D, E) 

Strong evidence of negative studies, 
no hazard data, considered safe  

1 

“Low (L)” hazard level specified by 
GreenScreen®  

2 

“Moderate (M)” hazard level 
specified by GreenScreen®  

3 

“High (H)” hazard level specified by 
GreenScreen®  

4 

Acute Human Toxicity (AT, 
ST-single, N-single, IrS, IrE) 

“Low(L)” hazard level specified by 
GreenScreen®, strong evidence of 
negative studies, no hazard data, 
considered safe  

1 

“Moderate (M)” hazard level 
specified by GreenScreen®  

2 

“High (H)” hazard level specified by 
GreenScreen®  

3 

“very High (vH)” hazard level 
specified by GreenScreen®  

4 

Chronic Human Toxicity (ST- 
repeated, N-repeated, SnS, 
SnR) 

Strong evidence of negative studies, 
no hazard data, considered safe  

1 

“Low (L)” hazard level specified by 
GreenScreen®  

2 

“Moderate (M)” hazard level 
specified by GreenScreen®  

3 

“High (H)” hazard level specified by 
GreenScreen®  

4 

Environmental Toxicity & 
Fate (AA, CA, P, B) 

“very Low (vL) or Low(L)” hazard 
level specified by GreenScreen®, 
strong evidence of negative studies, 
no hazard data, considered safe  

1 

“Moderate (M)” hazard level 
specified by GreenScreen®  

2 

“High (H)” hazard level specified by 
GreenScreen®  

3 

“very High (vH)” hazard level 
specified by GreenScreen®  

4 

Physical Hazards (Rx, F) “Low(L)” hazard level specified by 
GreenScreen®, strong evidence of 
negative studies, no hazard data, 
considered safe  

1 

“Moderate (M)” hazard level 
specified by GreenScreen®  

2 

“High (H)” hazard level specified by 
GreenScreen®  

3 

“very High (vH)” hazard level 
specified by GreenScreen®  

4  
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contain hazardous chemicals such as firefighting foam, textile chem
icals, furniture & fabrics, and cleaners & degreasers in manufacturing 
(Clean Production Action, 2021b). GreenScreen® utilizes information 
on 20 hazard endpoints (Table 1), including endpoints related to human 
health, environmental toxicity and fate, and physical hazards. The se
lection and evaluation of these 20 hazard endpoints align with several 
national and international protocols such as the Globally Harmonized 
System of Classification and Labeling of Chemicals (GHS), the European 
Union’s Registration, Evaluation, Authorization and Restriction of 
Chemicals (REACH), and the U.S. Environmental Protection Agency’s 
Design for Environment Program (European Council, 1999; United Na
tions, 2019, United States Environmental Protection Agency, 2021b). 

After completing the collection of toxicity information for the hazard 
endpoints, a decision logic is applied to generate one of five possible 
benchmark (BM) scores for each chemical: “Chemical of High Concern” 
(BM-1), “Use but Search for Safer Alternatives” (BM-2), “Use but Still 
Opportunity for Improvement” (BM-3), “Safer Chemical” (BM-4), and 
“Unspecified due to Insufficient Data” (BM-U). To conduct a Green
Screen® assessment, four steps specified in the guidance manual are 
followed, as described in detail in the SI Section S2.1. The GreenScreen® 
method requires a minimum amount of hazard endpoint data to assign a 
BM score, otherwise BM-U is assigned due to data gaps. In the current 
study, a BM-U score is assigned when no information can be found for 
the given substance. An official GreenScreen® assessment requires a 
third-party validation, which was not done here, therefore, these 
benchmark scores are currently designated as ‘GreenScreen®-based’. 

In this study, CHA is conducted and BM scores are assigned for each 
primary material in each battery using the GreenScreen® approach and 
the following toxicity data sources, which are further described in SI 
Section S2.1: GHS-Japan (National Institute of Technology and Evalu
ation, 2021), GESTIS (Institute for Occupational Safety and Health of the 
German Social Accident Insurance, 2021), European Chemicals Agency 
Registered Substances (ECHA CHEM) (European Chemicals Agency, 
2021a), Hazardous Substances Data Bank (HSDB) (National Library of 
Medicine, 2021), EPI SUITE™ (United States Environmental Protection 
Agency, 2021c), EU SVHC List (European Chemicals Agency, 2021b) 
and The Endocrine Disruption Exchange (TEDX) List (The Endocrine 
Disruption Exchange, 2021). Several of the primary materials, however, 
are polymers and compounds for which no direct hazard and toxicity 
endpoint data exist. Thus, these primary materials are assigned bench
mark scores of BM-U, which unfortunately isn’t very useful when 
incorporating these into an overall assessment of the batteries them
selves. A review of the literature indicates, however, that there is no 
established methodology for conducting CHA on such materials, so we 
have developed our own approach: to assess these polymers and com
pounds: we expanded the system boundary by evaluating the reagents 
and intermediates used to produce these BM-U materials. Both scenarios 
are considered later in this study. Based on the capability of Ecoinvent 

(Ecoinvent, 2021) for providing extensive data on up-stream chemicals, 
combined with a review of the pertinent literature and industry reports, 
these BM-U materials, as well as the ‘active’ primary materials are thus 
expanded for further assessment. ‘Active’ primary materials include 
cathode materials in LIBs and electrolyte materials in RFBs. It should be 
noted that the system boundary for reagents and intermediates is con
strained to not include chemicals used for basic production activities 
such as mineral extraction and petroleum refining, as these would be 
common across the battery systems studied, providing little comparative 
insight among the battery types studied here. Details on the reagents and 
intermediates assessed in this study are provided in SI Section S3. 

2.3. Hazard data quantification and aggregation - Scenario and decision 
analysis 

The ‘GreenScreen®-based’ benchmark criteria allow us to assign a 
BM score for each primary material or reagent and intermediate 
assessed, which provides qualitative insight into the relative levels of 
hazard associated with the chemicals and batteries, as discussed in the 
Results section. However, the BM scores lack the resolution to be 
quantitatively aggregated for comparing these engineering products 
made from multiple components and materials. Moreover, the raw data 
upon which the BM scores are derived, which include 20 hazard end
points combined into five hazard groups (see Table 1), are difficult to 
process mathematically. Therefore, we developed a modified assessment 
approach to quantitatively aggregate the hazard and toxicity data and to 
address uncertainties caused by the use of various data sources and the 
existence of data gaps. This approach applies the following steps, each of 
which is described below: (1) reclassifying hazard endpoints into toxicity 
groups, (2) harmonizing hazard levels and converting qualitative hazard 
descriptions into quantitative hazard scores, and (3) aggregating hazard 
scores for materials, both by hazard frequency and by material mass, into 
single-value hazard scores for each battery product. Ultimately, uncertainty 
is evaluated through the application of scenario analysis combined with 
decision analysis. 

2.3.1. Refinement of hazard endpoints classification scheme 
A framework for refining hazard endpoints into toxicity groups for 

quantification and high-resolution interpretation was explored by 
Faludi et al. (2016). We build on this approach, which evaluates the 
hazard endpoints directly (without implementing the benchmarking 
decision logic) and reclassifies them into six ‘toxicity groups’. In our 
scheme, the “Human Health Group I” category is divided into two 
toxicity groups as “Carcinogenic and Mutagenic Toxicity” (C/M), and 
“Reproductive, Developmental, and Endocrine Toxicity” (R/D/E). The 
previous “Human Health Group II” category is now modified as the 
“Acute Human Toxicity” group, while the “Human Health Group II* ” 
category is now changed to the “Chronic Human Toxicity” group in 

Table 3 
Scenarios used for data aggregation, uncertainty analysis and decision analysis.  

Scenarios Materials for evaluation Description 

BM- 
1 

BM- 
2 

BM- 
3 

BM- 
4 

BM- 
U 

BM-1, BM-2, and BM-3 
converted to worst case 

Scenario 
1 

√ √ √ x x x Baseline scenario – Considering primary materials with at least one hazard endpoint (BM-1, 
BM-2, and BM-3). 

Scenario 
2 

√ √ √ √ x x Compensatory scenario – Considering primary materials with at least one hazard endpoint 
and those that are safer chemicals (BM-1, BM-2, BM-3, and BM-4). 

Scenario 
3 

√ √ √ x x √ Worst-case scenario – Considering primary materials with at least one hazard endpoint (BM- 
1, BM-2, and BM-3), but for toxicity groups with data gaps, assume the worst possible score 
(s). 

Scenario 
4 

√ √ √ x √ x Supplemental scenario – Considering primary materials with at least one hazard endpoint 
(BM-1, BM-2, and BM-3) and those with insufficient data (BM-U); the scores for BM-U 
primary materials are derived based on their associated reagents and intermediates. 

Scenario 
5 

√ √ √ √ √ √ Integrated scenario – Considering all the primary materials used (BM-1, BM-2, BM-3, BM-4, 
and BM-U), and integrating the changes in Scenarios 2 – 4.  
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order to emphasize the single or repeated exposure, respectively. The 
“Environmental Toxicity & Fate” and “Physical Hazards” groups remain 
consistent with the classifications used in the GreenScreen® framework. 
While similar to the method used by Faludi et al. (2016), the above 
scheme used in the current study combines the environmental toxicity 
and fate, and the physical hazards are still under consideration in our 
case. 

2.3.2. Harmonization of hazard levels and conversion to quantitative 
hazard scores 

Another necessary adjustment is to harmonize the refined hazard 
categories and convert them to numerical scores. The GreenScreen® 
framework uses hazard levels for each hazard endpoint categorized as 
“very Low” (vL), “Low” (L), “Moderate” (M), “High” (H), and “very 
High” (vH), in accordance with the GHS labeling system (United 

Nations, 2019). In the current study, we again build on the approach 
developed by Faludi et al. (2016) to convert the hazard levels of very low 
(vL) to very high (vH) into hazard score values from 1-to-4, with the 1 
denoting no hazard found in current toxicity data sources and 4 repre
senting the highest hazard level, thus low hazard score values are 
preferred. We also harmonize the different ranges for hazard levels of 
different hazard endpoints (e.g., carcinogenicity (C) only has hazard 
levels ranging from low (L) to high (H), while persistence (P) includes 
hazard levels from very low (vL) to very high (vH)), as detailed in 
Table 2. The hazard scores for each material are calculated as the average 
of the hazard scores for the six toxicity groups for that substance. Lastly, 
if the hazard scores for the individual hazard endpoints within a given 
toxicity group do not agree, we use the highest hazard score within that 
toxicity group. For instance, if a chemical is identified to receive a 
hazard score of 3 for carcinogenicity (C) and a hazard score of 4 for 

Table 4 
The mass percentages (Majeau-Bettez et al., 2011; Notter et al., 2010) and GreenScreen®-based benchmark scores for the major components and primary materials 
used in the three lithium-ion batteries: lithium iron phosphate (LFP), lithium nickel cobalt manganese hydroxide (NCM), and lithium manganese oxide (LMO).  

Color scheme: red = BM-1, orange = BM-2, yellow = BM-3, green = BM-4, and gray = BM-U. 
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mutagenicity (M), then the hazard score for the C/M toxicity group 
would be 4. 

2.3.3. Aggregation of hazard scores 
Another innovation was necessary to address the challenge of 

determining how to aggregate hazard scores of individual materials to 
generate a single-value hazard score for the battery. Little guidance exists 
in the literature, except a previous study on thin film solar panels in 
which the frequency of toxicity scores was tracked (Eisenberg et al., 
2013) and another study on utility meters in which results were 
compared based on both frequency and mass fraction (Lam et al., 2013). 
The dilemma here is whether a toxic substance is of equal concern 
simply by being present, or can its impact be diluted if offset by less toxic 
substances present in higher concentrations. We model our approach off 
the Lam et al. (2013) study, providing results for both ‘number-based’ and 
‘mass-based’ aggregation. ‘Number-based’ aggregation assumes each 
material is of equal importance and mathematically averages the hazard 
scores of all materials to determine the single-value hazard score for the 
battery. ‘Mass-based’ aggregation assumes the relative importance of a 
given material is determined by its mass fraction, and the single-value 
hazard score for the battery is calculated accordingly. 

2.3.4. Scenario analysis 
To account for data gaps, data uncertainties and assumptions used 

for the quantification and aggregation, it is important to conduct sce
nario analysis before drawing robust conclusions regarding the relative 
single-value hazard scores for the six batteries of interest. Five scenarios 
are included in this analysis, as summarized in Table 3. Scenario 1 is the 
baseline scenario and includes in the aggregated single-value hazard 
scores only materials that were assigned benchmark scores of BM-1, BM- 
2 or BM-3. Scenario 2 is considered the ‘compensatory scenario’ because 
it includes materials assigned benchmark scores of BM-4 (‘Safer Chem
ical’), which consequently have hazard scores of 1.0 for all six toxicity 
groups. These low hazard scores, which are based on fairly limited data, 
dilute the higher scores of the BM-1 to BM-3 materials, and therefore 
compensate for the other more hazardous materials in the battery. For 
Scenario 3, data gaps within a given toxicity group are addressed; spe
cifically, missing data, which may be determined at a future date 
through further testing and modeling, are assumed to have the highest 
(worst) hazard score of 4.0. For Scenario 4, the materials with bench
mark scores of BM-U are included; hazard scores for these materials are 
determined using the expanded system boundary approach assessing 
reagents and intermediates, as described above. Finally, Scenario 5 

Table 5 
The mass percentages (He et al., 2020) and GreenScreen®-based benchmark scores for the major components and primary materials used in the three flow batteries – 
vanadium redox flow battery (VRFB), zinc bromine flow battery (ZBFB), and all iron flow battery (IFB).  

Color scheme: red = BM-1, orange = BM-2, yellow = BM-3, green = BM-4, and gray = BM-U. 
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simultaneously integrates all of the modifications incorporated into 
Scenarios 2 through 4. 

2.3.5. Multi-criteria decision analysis 
The data aggregation approach described above successfully con

verts an extensive data set on 20 hazard endpoints for numerous ma
terials into a single-value hazard score for each battery product 

according to 6 toxicity groups. However, it is important to ascertain 
whether each toxicity group should be considered of equal importance, 
or weighted differently. There are few studies in the literature that 
explore the weighting scheme for distinct hazard endpoints (Hu et al., 
2019; Malloy et al., 2017), yet there is no consensus, and strategies tend 
to depend on various stakeholder preferences. A recent OECD report 
provided an aggregation scheme that used the sum of all the hazard 

Fig. 2. The GreenScreen®-based benchmark score results according to number of materials (#/battery), number ratio (%), normalized mass (kg/kWh energy ca
pacity) and mass ratio (%), for the primary materials in the three lithium-ion batteries (LFP = lithium iron phosphate, NCM = lithium nickel cobalt manganese 
hydroxide, and LMO = lithium manganese oxide) and the three redox flow batteries (VRFB = vanadium redox flow battery, ZBFB = zinc-bromine flow battery, IFB =
all-iron flow battery). BM-1: chemical of high concern; BM-2: use but search for safer alternatives; BM-3: use but still opportunity for improvement; BM-4: safer 
chemical; and BM-U: unspecified due to insufficient data. 
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triggers, which implied equal weighting for each hazard endpoint 
(OECD, 2021). Faludi et al. proposed a different set of weighting factors 
for scenario analysis, but ultimately utilized expert judgement (Faludi 
et al., 2016). We have chosen to apply MCDA, because it is a quantitative 
and systematic approach that assesses multiple criteria problems and 
can be used to explore strategies for dealing with weighting factors. In 
our case, the six battery products are identified as the ‘alternatives’ 

selected for comparison, the ‘criteria’ for evaluation are the 6 toxicity 
groups, and stochastic multicriteria acceptability analysis (SMAA) is the 
MCDA method chosen for analysis (Lahdelma et al., 1998; Lahdelma and 
Salminen, 2001). 

SMAA is chosen for this analysis because it deals with multi-objective 
problems by exploring the weight space to characterize the ‘performance’ 
of selected alternatives (i.e., referred to hereafter as the ‘hazard ranking’ 

Fig. 3. The distribution of the 20 hazard endpoints (see Table 1) triggered by the primary materials used in each of the six batteries. The primary materials identified 
as BM-4 and BM-U materials are not included in the plots, but they are listed in the legend with green and gray dashed lines, respectively. Values closer to the center of 
the plots are preferred. 
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of each battery product relative to the others) (Lahdelma et al., 1998; 
Lahdelma and Salminen, 2001). Hence, the SMAA differs from other 
MCDA methodologies, as the ‘alternative’s performance’ is not a specified 
utility score on each criterion but a stochastic variable, which is deemed 
to be an inverse approach that allows us to not provide predetermined 
weighting factors. In SMAA, the collection of all the possible weighting 
factors, which is also called the ‘acceptability index’, is distributed to each 
alternative like a probabilistic distribution. For a simple illustration, the 
deterministic case is explained through Eqs. (1) – (6). As seen in Eq. (1), 
the basic idea of MCDA is to determine the total utility U(a) of alter
native a in terms of its ‘performance’ on criterion i as u(ai), and wi is the 
weighting factor for criterion i while wi > 0 and Σwi = 1.  

U(a) =Σ wi × u(ai)                                                                          (1) 

For SMAA, the weighting factor combinations w that yield an overall 
utility for alternative a greater than or equal to that for any other 
alternative is introduced as:  

U(a) ≥ U(b), ∀b                                                                              (2)  

Σ wi × u(ai) ≥ Σ wi × u(bi)                                                              (3) 

In the next step, a set of weighting factor combinations w that will 

satisfy Eq. (2) are referred to as favorable weighting vectors Wa. As 
mentioned, an ‘acceptability index’ Ai can now be determined as the 
volume of the favorable weighting vectors divided by the volume of total 
feasible weighting vectors W where:  

W =｛w∈ Rn: wi > 0 and Σ wi =1｝                                                  (4)  

Wa = ｛ w∈W:U(a) ≥ U(b), ∀b｝                                                      (5)  

Ai = vol(Wa)/vol(W)                                                                         (6) 

In our case, the specific method applied is SMAA-2 (Lahdelma and 
Salminen, 2001), which is an extension to SMAA, as it calculates the 
acceptability index for each alternative battery product, to be ranked not 
only first, but from best to worst, and the JSMAA software is used to 
construct the SMAA-2 model (Tervonen, 2014). The evaluation of both 
‘number-based’ and ‘mass-based’ aggregation, and the different sce
narios, are also applied in the MCDA. 

3. Results and discussion 

3.1. Chemical hazard assessment results 

GreenScreen®-based benchmark scores were determined for each 

Table 6 
The GreenScreen®-based benchmark scores for the reagents and intermediates used to produce active primary materials in the six batteries.  

Table 7 
The GreenScreen®-based benchmark scores for the reagents and intermediates used to produce select primary materials receiving BM-U scores.  
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primary material used in each of the six battery products, as shown in 
Tables 4 and 5, for LIBs and RFBs, respectively. The color coding in these 
tables helps to visualize the distribution of materials across the possible 
benchmark scores, noting the distribution of number of materials in each 
BM category as BM-2 > BM1 > BM-3 > BM-4, plus quite a few BM-U 
materials (BM-4 materials are preferred to BM-3, etc., and BM-U is 
‘unspecified’ due to insufficient data). To further visualize the distri
bution in benchmark scores for each battery product, the data presented 
in Fig. 2 show the following metrics: benchmark results by absolute 
number, benchmark results by number ratio, benchmark results by 
normalized mass and benchmark results by mass ratio, with the latter 
two normalized per kWh capacity. Notably, BM-2 materials dominate 
regardless of the metric, BM-U materials are used in significant numbers 
and mass fractions, and the use of BM-1 materials is not insignificant. It 
is also noted that vanadium pentoxide, a BM-1 material used as the 
electrolyte in VRFBs, corresponds to a high mass faction (~60 %) in the 
VRFB system. Among the battery types, ZBFB is the only one that does 
not consist of any BM-1 or BM-U materials; and overall, the mass per 
kWh for LIBs is notably less than that for RFBs. 

The hazard endpoints that lead to the benchmark scores can also be 
visually compared, as shown in Fig. 3, noting that data points closer to the 
center of the spider plots are preferred. These plots highlight the variable 
scales used for different endpoints, as described in Section 2.3.2, making 
direct comparison, even visually, a bit difficult. Yet a few key findings 
can be derived from the plotted data. Almost all of the 20 hazard 

endpoints are triggered, once or several times, by the primary materials 
used in each battery, yet among the six batteries, ZBFB is the only bat
tery that shows no materials triggering any Human Health Group I 
hazard endpoints, and VRFB is the only one with none of its materials 
triggering Physical Hazards. Looking closer at these materials in Fig. 3 
along with their GreenScreen®-based benchmark scores in Tables 4 and 
5, we observe that several materials, including carbon black, N-methy-2- 
pyrroidone, lithium nickel cobalt manganese hydroxide, silica sand, 
phthalic anhydride, acetone, e-glass fiber, vanadium pentoxide, and 
manganese dioxide, are chemicals of high concern (BM-1), and their use 
should be replaced by safer alternatives. For example, N-methyl-2-pyr
roidone, used in the LFP and NCM, should be avoided as it triggers high 
hazard on three of the five hazard endpoints in Human Health Group I: 
reproductive toxicity (R), developmental toxicity (D), and endocrine 
activity (E). 

We can also expand the system boundary for the chemical hazard 
assessment to include reagents and intermediates, especially for the BM- 
U materials, as described above (in Section 2.2), and for the active pri
mary materials, which are critical to the functionality of the batteries. 
These results are presented visually in Tables 6 and 7, and Figs. 4 and 5. 
Clearly, there is a large number of reagents and intermediates that are 
used to produce the primary materials, regardless of battery product, 
many of which exhibit high toxicity (BM-1 and BM-2 scores). 

The data presented in Tables 4–6 and Fig. 4 show that two of the 
three LIB active primary materials, i.e., for the cathode, lithium iron 

Fig. 4. The GreenScreen®-based benchmark score results for the reagents and intermediates used to produce active primary materials in each battery product. BM-1: 
chemical of high concern; BM-2: use but search for safer alternatives; BM-3: use but still opportunity for improvement; BM- 4: safer chemical; and BM-U: unspecified 
due to insufficient data. 
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phosphate and lithium manganese oxide, are identified to be BM-U 
materials, and the cathode material for the third LIB battery type, 
lithium nickel cobalt manganese, is identified to be BM-1. Note that the 
two BM-U materials represent approximately 30 wt % and 20 wt % of 
their respective batteries. For the active primary materials, i.e., the 
electrolytes, in RFBs, vanadium pentoxide is classified as BM-1, whereas 
zinc bromide, bromine, ferrous chloride, potassium chloride are all BM- 
2; the only other BM-1 material is manganese dioxide in IFB’s (see 
Table 5 and Fig. 4). Note that vanadium pentoxide represents approxi
mately 60 wt % of the VRFB. Looking next at the reagents and in
termediates used to produce these active primary materials (see Table 6 
and Fig. 4), LIBs required the use of more reagents and intermediates 
compared to RFBs, and many of them are identified to be BM-1 mate
rials, such as lithium, nickel and manganese compounds. The 
manufacturing chains for these materials in LIBs are longer than for 
RFBs because the production of these active cathode materials require 
more complex synthesis procedures. All of the reagents and in
termediates evaluated for RFBs are identified to be BM-2 materials. 
Lastly, the data in Table 7 and Fig. 5 summarize the benchmark scores 
for the reagent and intermediates needed to make the remaining BM-U 
primary materials. A total of 81 chemicals are evaluated, 34 of which 

(42 %) are BM-1 materials and 39 of which (48 %) are BM-2 materials, 
indicating that more than 90 % of these substances (73 out of 81) are 
chemicals of concern. Clearly there is a need to find safer alternative 
substances for producing the primary materials used in all six battery 
products. 

Overall, the chemical hazard assessment and benchmark scores show 
that a wide range of toxic and hazardous materials are used to produce 
the six battery types. Many of these are BM-1 materials due to their 
potential carcinogenicity, mutagenicity and genotoxicity, reproductive 
and developmental toxicity, and endocrine disruptive activity. Efforts 
should be made to reduce the use of these materials, especially if they 
are not key to the active functionality of the battery. Beyond these in
sights, however, direct quantitative comparisons among the battery 
products are difficult when using GreenScreen®-based benchmark 
scores alone, as described previously. Therefore, we continue by pre
senting the quantitative data aggregation and scenario analysis, below. 

3.2. Data aggregation and scenario analysis results 

The single-value hazard scores for each battery, as derived through 
data aggregation, are presented in Figs. 6 and 7. Results for each of the 

Fig. 5. The GreenScreen®-based benchmark score results for the reagents and intermediates used to produce select primary materials that identified as BM-U 
materials. BM-1: chemical of high concern; BM-2: use but search for safer alternatives; BM-3: use but still opportunity for improvement; BM-4: safer chemical; 
and BM-U: unspecified due to insufficient data. 
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five scenarios are presented, for both ‘number-based’ and ‘mass-based’ 
scenarios. The hazard scores for each toxicity group are also presented to 
inform interpretation of the results. Recall that the higher the score, the 
higher the toxicity or hazard, thus low values are preferred. 

When comparing the various scenarios, regardless of battery type, 
Scenario 2 lowers the single-value hazard score for each battery 
compared to Scenario 1 due to the compensatory effect of including the 
safer chemicals (i.e., BM-4 materials) used in each battery product. In 
contrast, Scenario 3 and Scenario 4 increase the single-value scores due 
to the inclusion of more hazard triggers or toxic reagents and in
termediates into the analysis, especially for Scenario 3 which assumes 
the worst-case for missing hazard endpoint data. The results for Scenario 
5 are more complex because of the trade-offs among Scenarios 2, 3 and 
4. 

From these quantitative representations, a few findings are high
lighted. Among the different battery products, the VRFB tends to receive 
an overall higher single-value hazard score relative to the other five 
batteries especially for the ‘mass-based’ scenarios, and there are 
noticeable variations between the ‘mass-based’ scores and the ‘number- 
based’ scores in the five scenarios. The reason for this is the VRFB 
electrolyte materials, specifically vanadium pentoxide, which represents 

a high mass ratio and exhibits higher toxicity than other materials used 
in the battery products. For ZBFB, the single-value hazard score is 
insensitive to Scenarios 2 and 4 as no BM-4 and BM-U materials are used 
in this battery product. Also, the increase on Scenario 3 is slight, which 
indicates less uncertainty due to the hazard endpoints for the currently 
utilized materials in this battery product. Thus, the results for ZBFB are 
the most consistent among the batteries investigated. The single-value 
hazard scores for the LFP and NCM batteries also do not vary much 
across the different scenarios, and their scores are consistently close in 
value since they share many of the same materials. The single-value 
hazard score for IFB is more variable across the different scenarios. 
Also, the ‘mass-based” score for IFB is lower than the ‘number-based’ 
score, which makes it different from the other batteries. This occurs 
because the IFB electrolyte material corresponds to a high mass ratio, 
similar to VRFB and ZBFB, but corresponds to lower toxicity. For LMO 
batteries, the single-value hazard score is also variable across the 
different scenarios, and the relative values for the ‘number-based’ and 
the ‘mass-based’ results also depend on the scenario. This occurs because 
of the inclusion in Scenario 2 of graphite, which is a BM-4 material that 
corresponds to 20 % of the total mass, and the use of worst-case hazard 
scores to fill data gaps in Scenario 3. 

Fig. 6. The data aggregation results represented by single-value hazard scores for each toxicity group (shown as colored dots) and each battery product. The five 
scenarios are defined in Table 3. Both ‘number-based’ and ‘mass-based’ aggregation results (shown as black and gray bars, respectively) for each battery product are 
also provided. Lower values are preferred. 
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Looking closer at the toxicity group hazard scores, the “Chronic 
Human Toxicity” group usually shows the highest score, while the 
“Physical Hazards” group shows the lowest score, no matter what type of 
battery is chosen. VRFB and ZBFB exhibit higher toxicity in the “Envi
ronmental Toxicity & Fate” group compared to the other batteries, and 
IFB exhibits the highest toxicity in the “Acute Human Toxicity” group, 
followed by VRFB and LMO. The ZBFB has the lowest score in both the 
“Carcinogenic and Mutagenic Toxicity” group and “Reproductive, 
Developmental, and Endocrine Toxicity” group, as no substances used in 
ZBFB exhibit these hazard endpoints. 

The aggregation into a single-value hazard score makes the com
parison of different batteries more intuitive then with the chemical 
hazard assessment, as there is no longer a need to consider various 
battery materials and multiple hazard endpoints. However, the high- 
level aggregation leads to fairly similar results for each battery, which 
neutralizes efforts to make clear and concise decisions regarding which 
one is less toxic relative to the others. The trade-offs exhibited by the 
single-value hazard score indicate that the high-level aggregation is not 
sufficient for disclosing the complete hazard profile of materials or 
products for evaluation. Instead, it is an important intermediate step 
that allows us to apply decision analysis, which is more mathematically 

and logically rigorous. Thus, we continue with the decision analysis 
approach by introducing the multi-criteria decision analysis method, 
SMAA. 

3.3. Multi-criteria decision analysis results 

In Fig. 8, the SMAA results for the six batteries and the five scenarios 
are presented, with the ‘number-based’ and ‘mass-based’ results pro
vided separately. In an effort to address the weighting factors for each 
toxicity group and the similar values for the single-value hazard scores, 
SMAA is applied to derive the acceptability index (0–100 %, vertical axis 
in Fig. 8) for the six batteries, which is equivalent to the probability of 
each battery being selected for a given hazard ranking from first to last 
(1st to 6th, horizontal axis in Fig. 8) relative to the other batteries. The 
calculated acceptability index values for each battery are provided in 
Table S7 in the SI. Note that in the SMAA modeling, the inverse normali
zation is used, thus, the higher the acceptability index, the lower the average 
toxicity, which is preferred. For example, in the baseline scenario (Sce
nario 1), the hazard ranking of ZBFB is among the highest in the 
‘number-based’ scenario, as the acceptability index for ZBFB being 
ranked 1st is 53 %, and no other batteries have an acceptability index 

Fig. 7. The data aggregation results represented by single-value hazard scores for each battery product and each scenario (as defined in Table 3). Both ‘number- 
based’ and ‘mass-based’aggregation results (shown as black and gray bars, respectively) for each battery product are also provided. Lower values are preferred. 

H. He et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 437 (2022) 129301

15

Fig. 8. The stochastic multicriteria acceptability analysis (SMAA) results based on the hazard score for each toxicity group for the six batteries in terms of ‘number- 
based’ (left panel) and ‘mass-based’(right panel) aggregations, shown for each of the five scenarios (as defined in Table 3). To assist with interpreting the results, the 
numerical values for the acceptability index are provided in Table S7 in the SI. The inverse normalization is taken, therefore, higher scores are preferred. 

H. He et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 437 (2022) 129301

16

over 20 % to be ranked 1st. IFB ranks the highest in the ‘mass-based’ 
scenario, as the acceptability index is as high as 96 % to be ranked 1st. In 
contrast, the hazard ranking of IFB in the ‘number-based’ scenario is the 
second lowest, given its acceptability index is more than 50 % for the 5th 
and the 6th rankings. VRFB ranks the lowest in both the ‘number-based’ 
and ‘mass-based’ scenarios, as noted by its highest acceptability index to 
be ranked 6th (63 % and 95 %, respectively). The three LIBs consistently 
rank in the middle. LMO is among the lowest with its peak acceptability 
index values of 37 % to be ranked 4th and 22 % to be ranked 5th in the 
‘number-based’ scenario, and 36 % to be ranked 4th and 51 % to be 
ranked 5th in the ‘mass-based’ scenario. Interestingly, given the many 
similar materials used in the LFP and NCM batteries, it is not surprising 
that the acceptability index values for these two batteries are close, 
however, the hazard ranking of LFP in the ‘mass-based’ scenario (15 % 
for 2nd and 53 % for 3rd) is clearly one position lower than that of NCM 
(44 % for 2nd and 18 % for 3rd), which is attributed to the different mass 
ratio of toxic materials used (see Table 4) due to the different configu
rations of these battery products. 

Although the SMAA results still exhibit some variations among the 
results when comparing across different scenarios, there are some clear 
distinctions among the hazard rankings associated with certain battery 
products regardless of scenario. For example, VRFB and LMO are among 
the lowest ranked in almost all the scenarios. IFB ranks highest in most 
of the ‘mass-based’ scenarios, but not for the ‘number-based’ scenarios. 
In contrast, ZBFB is ranked high in most of the ‘number-based’ scenarios, 
but not the ‘mass-based’ scenarios. Interestingly, the hazard rankings for 
NCM and LFP are consistently among the top 4 in all of the scenarios, 
especially in Scenario 5, which integrates all of the changes incorporated 
in Scenarios 2–4. This is primarily because NCM and LFP exhibit fewer 
uncertainties, as incorporated in Scenario 3, and the variations brought 
by Scenario 3 are the most prominent when considering the trade-offs of 
those different scenarios. Of course, it is important to note here that the 
relative rankings of these batteries are dependent on the materials 
evaluated in this assessment case study. The materials used in the bat
teries, as well as the intermediates and reagents, can change over time, 
affecting not only battery functionality and performance, but also the 
CHA results and consequential ranking relative to alternatives. The 
framework developed here can be easily updated to evaluate such 
changes, and especially to determine if the changes lead to relative 
improvements (i.e., reduced use of high-hazard materials), which is a 
primary motivation for this work. 

4. Conclusions 

The assessment on toxicity hazards for six batteries provides 
important guidance on promoting safer alternative materials for batte
ries production with the materials of high concern and specific hazard 
endpoints highlighted. From the CHA results, the hazard ranking of LIBs 
and RFBs vary considerably due to the different choices of materials and 
design of the battery structure and components, as well as the functional 
parameters such as energy density. In general, the LIBs use a greater 
number of highly hazardous materials, whereas the RFBs use a higher 
mass of highly hazardous materials. Regarding specific materials used in 
these batteries, of highest concern are the materials that are key to 
functionality, yet are assessed as either BM-1 or BM-U. For example, 
vanadium pentoxide and lithium nickel cobalt manganese hydroxide 
used in VRFB and NCM, respectively, are material of high concern 
triggering high hazard in Human Health Group I hazard endpoints. 
Furthermore, lithium iron phosphate and lithium manganese oxide used 
in LFP and LMO, respectively, have no hazard endpoints identified due 
to lack of toxicity data. The expansion of the system boundary to include 
reagents and intermediates highlights additional materials of concern. 
Consequently, as battery technology is developing rapidly, efforts 
should be made to evaluate hazard early in the design phase to avoid the 
need for costly substitutions after products and manufacturing details 
are fully implemented. 

Although insightful for identifying materials of concern from a 
hazard perspective, CHA results are difficult to quantify and to aggre
gate, which makes it difficult to compare technology alternatives. The 
approach developed in this study provides a framework for data quan
tification, harmonization, and numerical aggregation so that data gaps 
and uncertainties can be systematically and transparently evaluated 
using scenario analysis and decision analysis. Overall, the results indi
cate that the hazard ranking of LIBs and RFBs are dependent on the 
current material choices and are sensitive to the variable scenarios 
applied. The results also change if the mass fraction of materials is 
considered instead of the number of materials. With the assistance of 
SMAA, the relative hazard ranking of each battery is more clearly 
determined, with ZBFB ranking higher in the number-based case and IFB 
ranking higher in the mass-based case. In contrast, the VRFB ranks 
lowest regardless of which scenarios are chosen, due to the high hazard 
and mass fraction of vanadium pentoxide. The hazard ranking for LMO 
ranks below the other two LIBs due to the use of more BM-1 materials. 
These findings motivate for the selection of alternative materials with 
lower hazard, and the quantitative framework allows for an easy, sys
tematic evaluation of these alternatives before being widely 
implemented. 

The combination of the data aggregation strategy and MCDA, as used 
in this study, provides a systematic but explicit approach for the com
parison and selection of safer battery alternatives with overall lower 
toxicity and hazard. Although demonstrated here to be a viable 
approach, there are also obstacles encountered such as uncertainties due 
to the lack of complete and consistent hazard data. Hence, an urgent 
need to advance the CHA of energy storage system production is to fill 
the gaps on materials lacking highly reliable and transparent hazard 
data. Beyond CHA, the MCDA framework could also be expanded to 
evaluate trade-offs among hazard, cost, battery functionality, carbon 
footprint, etc., providing a foundation for rigorous assessment of safer 
material alternatives for these and other energy storage batteries. 
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Statement of Environmental Implication 

Battery energy storage products with a long lifespan such as lithium- 
ion and redox flow batteries are being installed to support the renewable 
energy grid. However, the lack of understanding of the inherent toxicity 
and hazard profiles of the various battery materials will impact the 
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human health and environment in the future. This study closes this gap 
by presenting a chemical hazard assessment on materials used in battery 
components and upstream production activities. Moreover, we present a 
novel, systematic approach to quantitatively evaluate the assessment 
results, which establishes a critical foundation to inform material se
lection for future battery design. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.129301. 
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