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A B S T R A C T

Lithium-ion batteries are among the most advanced electrochemical storage technologies and they are critical to 
the transition to sustainable energy systems. Despite their maturity, different chemistries are characterized by 
different technical, economic, environmental, and raw materials supply risks, highlighting the need for a 
comprehensive assessment. Seven lithium-ion battery chemistries were evaluated according to two domains: the 
techno-economic domain and the environmental and supply risk domain, and synthesized into an overall index 
called the Energy Storage Sustainability Index. A flexible multi-attribute evaluation tool, called Sustainable 
Technology Performance, has been developed based on the Multi-Attribute Value Theory model and the Analytic 
Hierarchy Process weighting method. The model’s uncertainties are addressed by employing various marginal 
value functions and scenarios for the weights of the domains in the main simulations, and variation for the input 
data and a different weighting procedure for the attributes in the five sensitivity analyses conducted. The Lithium 
Iron Phosphate-Natural Graphite battery emerges as the preferred option, performing better in three out of five 
scenarios in Simulation 1 and four out of five in Simulation 2, with high techno-economic scores (0.88 for 
Simulation 1 and 0.93 for Simulation 2) and good environmental and supply risk scores (0.47 for Simulation 1 and 
0.6 for Simulation 2). Sensitivity analyses show that changing the weighting procedure from AHP to equal 
weights increases the contribution of attributes where the Lithium Iron Phosphate-Natural Graphite alternative 
underperforms, such as energy density and resource depletion. Overall, this alternative is preferred in most of the 
scenarios analyzed (twenty-six over fifty), highlighting its strengths in the techno-economic dimension.

1. Introduction

The increase in the share of renewable energy, especially that one 
coming from variable renewable energy sources (VRES), poses some 
issues for power systems [1]. In fact, the generation patterns of photo
voltaic and wind are variable during the days, the weeks and the sea
sons, as they depend on the availability of sun and wind. The variability 
of renewable generation, especially in the case of high penetration of 
renewables in the electricity mix, can cause frequency, voltage and 
congestion issues [2]. In this sense, energy storage systems (ESSs) could 
act as a flexibility option able to mitigate the negative effects of VRES in 
power systems [3]. The role of ESSs as a source of flexibility to support 
transmission and distribution networks is recognized in the European 
Commission (EC) recommendation 2023/C 103/01 [4] and in the EC 
proposal for the revision of the electricity market design [5]. The in
clusion of ESSs, such as batteries, raises new challenges related to their 
sustainability and the security of supply of raw material supply chains. 

The European Union (EU) has addressed these issues through the EU 
Directive 2006/66/EC, also known as the Battery Directive, which 
regulates the manufacturing and disposal stage of batteries [6]. In 
particular, Article 10 sets some quantitative collection targets for the EU 
Member States, while Article 12 sets the minimum recycling efficiency 
targets (50 % for all batteries except lead-acid and nickel–cadmium 
batteries). Due to the increasing role of batteries in the EU economy in 
recent years, the EC launched the European Battery Alliance (EBA) in 
2017. The EBA aims “to develop an innovative, competitive and sus
tainable battery value chain in Europe” [7]. The 2006 Battery Directive 
has been replaced by the EU Directive 2018/849 [8], which introduces 
some minor changes (i.e., amendments) in the reporting and monitoring 
of collection and recycling targets. Furthermore, a proposal for a new EC 
Battery Regulation was made by the end of 2020, taking into account the 
changing socio-economic and environmental conditions of the EU, as 
well as the strong increase in demand for new batteries [9]. The proposal 
addressed arising issues such as sustainability, circularity, and security 
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of supply of batteries. The EC proposal sets quantitative targets for both 
recycling efficiency (ratio between the mass of recycled output fractions 
and the mass of waste collected for recycling in input [10]) and the 
material recovery rates (ratio between the recycled material and the 
waste input material). Planned recycling efficiencies for Lithium-ion (Li- 
ion) batteries should reach 65 % by 2025 and 70 % by 2030. Material 
recovery rates for cobalt, nickel, lithium and copper are set at 95 %, 95 
%, 70 % and 95 % respectively in 2030. The proposal also included a 
mandatory carbon footprint declaration for non-portable batteries. 
Finally, the EU reached an agreement on the 2020 Battery Regulation in 
2022 [11]. The paramount role of the material supply chain security was 
also highlighted by the Critical Raw Materials Act [12], a proposal for a 
regulation made by the EC that identifies and sets targets for a selected 
list of strategic raw materials. The proposal included materials relevant 
for the manufacturing of Li-ion batteries, such as cobalt, copper, lithium 
(battery grade), manganese (battery grade), natural graphite (battery 
grade) and nickel (battery grade). The targets set out in this proposal 
include the domestic extraction of 10 % of the EU’s annual consumption 
of strategic raw materials, the domestic sourcing of 40 % of intermediate 
stages of production and the domestic sourcing of 15 % of the EU’s 
annual consumption of strategic raw materials by secondary raw ma
terials (i.e., recycled within EU’s borders). In addition, the share of 
supply from individual non-EU countries should not exceed 65 % “at any 
relevant stage of processing”. The time horizon considered is analogous 
to the Battery Regulation. Since the previous regulatory framework, 
batteries have to be evaluated according to different domains, including 
the environmental, economic and the security of supply. In particular, 
for a comparative evaluation between several battery alternatives, 
which should include multiple criteria in the evaluation process (e.g., 
the carbon footprint, the security of supply), a multi-attribute decision 
making (MADM) model needs to be used to help decision-makers pri
oritize different battery technologies properly.

1.1. State-of-the-art

The evaluation of Li-ion batteries, as well as other Energy Storage 
Technologies (ESTs), requires an integrated and multi-domain 
approach, covering several aspects such as storage capacity, techno
logical maturity, self-discharge, charge/discharge rates, investment 
costs, and many others, in order to have as holistic a view of the tech
nologies under evaluation [13]. Several studies have been carried out in 
recent years in this context, particularly about the MADM applied to 
these batteries. Within these studies, the authors have compared 
different Li-ion batteries, as well as other ESTs with Li-ion batteries. An 
overview of selected articles within this field has been reported in 
Table 1, with some insights into the alternatives and the attributes used. 
Further details on the literature for MADM coupled to ESTs can be found 
in the Supplementary Material. The presence or absence of supply risk 
within the attributes selected for analysis has also been highlighted. It 
must be emphasized how limited efforts have been made to integrate the 
supply risk of materials into MADM models.

In [14], the author proposed a novel methodology for the compar
ative evaluation of four storage technologies, based on the interval 
Analytic Hierarchy Process for weighting the attributes and the Intui
tionistic Fuzzy Combinative Distance-based Assessment Method for 
ranking the alternatives. However, a thorough analysis of the input data 
was missing.

In [15], the authors evaluated five ESTs, including Li-ion, using a 
Non-Linear Fuzzy Prioritization method to determine the weights, tak
ing into account the uncertainties associated with the judgments. 
However, there may be some possible dependencies within attributes 
that should be investigated.

In [16], the authors proposed a methodology based on the Analytic 
Hierarchy Process (AHP) as a weighting procedure and the Technique 
for Order of Preference by Similarity to Ideal Solution (TOPSIS) for 
ranking the alternatives. Social aspects have been considered in the 

Table 1 
Review of MADM models applied to Li-ion batteries and other ESTs.

Energy Storage 
Technologies

Attributes Materials 
Supply Risk

Reference

Pumped Hydro, 
Compressed Air, 
Flywheels, Li-ion

Energy Density, 
Energy Efficiency, 
Calendar Life, 
Technological 
Maturity, Investment 
Cost, O&M Cost, 
Cradle-to-Gate 
Greenhouse Gas 
(GHG) Emissions, 
Environmental 
Impact, Social 
Acceptance

No [14]

Pumped Hydro, 
Compressed Air, 
Flywheels, Lead acid, 
Li-ion

Energy Density, 
Energy Efficiency, 
Calendar Life, Energy 
Intensity, 
Technological 
Maturity, Investment 
Cost, O&M Cost, 
Cradle-To-Gate GHG 
Emissions, Material 
Intensity, 
Environmental Impact

No [15]

Liquid Air, Li-ion, Power 
to Gas, Sensible Heat 
Storage

Technological 
Maturity, Congestion 
Relief and Investment 
Deferral, Self- 
Consumption 
Increasing, Economic 
Benefits, Economic 
Viability, 
Environmental 
Benefits

No [19]

Pumped Hydro, 
Compressed Air, 
Flywheels, Lead acid, 
Li-ion, Nickel cadmium, 
Sodium sulfur, Sodium 
nickel chloride, 
Vanadium Redox Flow, 
Zinc bromine, Power to 
Gas, Supercapacitors, 
Superconducting 
magnetic energy 
storage, Sensible Heat 
Storage

Power Size, Energy 
Density, Energy 
Efficiency, Cycle Life, 
Calendar Life, Self- 
Discharge, Discharge 
Rate, Response Time, 
Investment Costs, 
Environmental Impact

No [20]

Lead acid, Li-ion NCA, Li- 
ion LFP, Lithium 
titanium oxide, Li-ion 
LMO, Li-ion NMC, 
Sodium nickel chloride, 
Vanadium Redox Flow

Technological 
Maturity, 
Technological 
Performance, Storage 
Flexibility, Investment 
Cost, Life Cycle Cost, 
Damage to Eco- 
Systems, Damage to 
Human Health, 
Damage to Resource 
Availability, Job 
Creation, Social 
Acceptance, 
Regulation and Policy

No [16]

Pumped Hydro, 
Compressed Air, Lead 
acid, Li-ion NMC, 
Sodium ion, Vanadium 
Redox Flow battery, 
Hydrogen, Sensible 
Heat Storage

Power Size, Energy 
Density, Energy 
Efficiency, Cycle Life, 
Calendar Life, Self- 
Discharge, Discharge 
Rate, Response Time, 
Investment Cost, 
Lifecycle GHG 
Emissions, Material 
Intensity, 
Environmental 
Impact, Recyclability, 
Supply Chain 

Yes 
(qualitative)

[17]

(continued on next page)
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analysis. However, the model lacks differentiating social features of the 
alternatives.

Balezentis et al. [17] adopted a TOPSIS-based methodology to rank 
several ESTs, including Li-ion Nickel Manganese Cobalt (NMC) batteries. 
However, the supply chain criticality attribute used for the storage 
materials was not detailed and was reported qualitatively on a 1–3 scale. 
In addition, a thorough analysis of the possible interdependencies of the 
attributes used was missing.

Tajik et al. [18] compared Li-ion batteries with different cathode 
materials using subjective and objective weighting methods. The Li-ion 
cathodes investigated were the Lithium Cobalt Oxide (LCO), the Lithium 
Nickel Oxide (LNO), Lithium Nickel Cobalt Aluminum Oxide (NCA), the 
NMC, the Lithium Manganese Oxide (LMO), and the Lithium Iron 
Phosphate (LFP). Despite the heterogeneous nature of the production of 
such batteries, environmental issues have been neglected, as well as the 
criticality of the materials used in the batteries.

1.2. Research goals and contributions

In order to try to overcome the limitations of the previous works 
regarding MADM and ESTs, especially for the lack of literature studies 
including the supply risk of storage materials, the authors propose the 
implementation of a new tool for the MADM analysis of Li-ion batteries. 
Furthermore, another aspect addressed in this study, and often neglected 
in the literature, is related to the investigation of possible in
terdependencies arising in the selected attributes. Therefore, the present 
study aims to integrate and extend the previous works reviewed in 
Section 1.1. According to the gap research highlighted above, the 
developed model is characterized by the following features: 

• Multi-Attribute Value Method (MAVT) method, coupled with the 
Analytic Hierarchy Process (AHP), to rank Li-ion batteries according 
to user-specified attributes.

• Use of sub-indexes related to the specific domains to evaluate in
termediate rankings of Li-ion batteries.

• Flexibility for users to modify the input parameters and the attribute 
weights.

• Integration of supply risk issues of critical and strategic raw materials 
in the MADM model through a quantitative indicator, which to the 
best of the authors’ knowledge is the first of its kind for multi- 
attribute evaluation of Li-ion batteries.

• Investigation of possible correlations within the selected attributes 
through ad hoc Sensitivity Analyses.

2. Methods

This work proposes a model capable of performing a multi-attribute 
evaluation of ESTs. The choice of a MADM model rather than an opti
mization model is related to the ease of inclusion of non-numerical at
tributes, the reduced amount of data required, and the ability to easily 
modify the model by adding new attributes and/or alternatives without 
changing the mathematical formulation of the model itself [21]. The 
model relies on MAVT and, for the weighting procedure, on the AHP. 
The model is implemented in an original tool developed in MATLAB®, 
called Sustainable Technology Performance (STeP). The STeP tool is 
designed as an interactive tool to support decision-makers in handling 
complex decisions, such as evaluating several storage technologies on a 
set of attributes. The model allows the calculation of the sustainability of 
ESTs according to a synthetized indicator called the Energy Storage 
Sustainability Index (ESSI). The ESSI is obtained by weighting and 
merging two sub-indexes: the Techno-Economic sub-Index (TEI), and the 
Environmental and Supply Risk sub-Index (ESRI). Finally, a Case Study 
is investigated to test the developed model. A graphical workflow of the 
model is shown in Fig. 1. The novelties of the model are related to the 
creation of the original sub-indexes (TEI and ESRI), the original index 
ESSI, as well as the creation of a new flexible tool for decision-makers to 
evaluate energy storage technologies.

2.1. The Multi-Attribute Value Theory method

Among the available MADM methods, the MAVT method has been 
selected for the multi-attribute assessment [22].

The main reason for this choice is the high scalability of the method, 
which allows to obtain separate intermediate results for each of the 
previously mentioned sub-indexes (see Section 2). Starting from the 
evaluation matrix X, which collects all the occurrences of the alterna
tives for the selected attributes, it is possible to assign a specific pref
erence to the generic element xij of the matrix itself through the so-called 
marginal value function, denoted as vj(xij). An overall score, for the i-th 
alternative ai is obtained by weighting the generic marginal value 
function vj(xij) with the corresponding weight for the j-th attribute bj: 

V(ai) =
∑N

j=1
wj • vj(xij) (1) 

where wj is the weight, also called the scaling value function, for the j-th 
attribute and V(ai) is the canonical form of the additive value function 
for the alternative ai considering the N attributes. The value function V :

A→R represents a scale, such that: 

∀ai, ai+1 ∈ A, ai ≻ ai+1 ↔ V(ai) > V(ai+1) (2) 

In (2) it is stated that the preference statement of the alternative ai, 
compared to ai+1, is possible if and only if the real value V(ai) is higher 
than V(ai+1). The binary relation between the two alternatives is settled 
by the operator ≻ (strict preference). The assessment of value functions 
is done by decomposed scaling [22], which consists in evaluating 
weights and marginal value functions separately. In particular, the next 
paragraph presents the adopted strategy for determining the corre
sponding weights.

2.2. Identification of weights

Assessment strategies for weight calculation include swing tech
nique, rating, pairwise comparison, trade-off and qualitative translation 
[22]. The pairwise comparison (PC) approach was chosen because of its 
ease of use and the effectiveness of results. In fact, the PC enables the 
decision-maker to compare the relative importance of one attribute to 
another. This strategy simplifies the choice, as the difficulty of 
comparing attributes increases with the number of attributes evaluated. 
In this sense, Saaty’s Analytic Hierarchy Process method is a well-known 

Table 1 (continued )

Energy Storage 
Technologies 

Attributes Materials 
Supply Risk 

Reference

Criticality, Human 
Rights, Health and 
Safety

Li-ion NCA, Li-ion LFP, Li- 
ion LMO, Li-ion NMC, 
Li-ion LCO, Li-ion LNO

Power Size, Energy 
Density, Cycle Life, 
Stability, Cathode 
Theoretical Capacity, 
Investment Cost, 
Toxic Components, 
Health and Safety, 
Cell Voltage

No [18]

Li-ion NCA, Li-ion LFP, Li- 
ion LMO, Li-ion NMC 
(various chemistries)

Energy Density, 
Manufacturing Cost, 
Cycle Life, Safety, 
Global Warming 
Potential, Resource 
Depletion, Supply 
Risk, Recycling Rate

Yes 
(quantitative)

This 
Study
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PC method that has been used in several MADM-based studies [13].

2.3. The Energy Storage Sustainability Index

The relative scores for the j-th attribute and the M alternatives are 
obtained by using the marginal value function vj. The M relative scores 
for the j-th attribute depend on the choice of the shape of the marginal 
value function employed. Different shapes have been used in the liter
ature, such as the linear and the quadratic shapes [22]. Finally, it is 
possible to assess the values of the sub-indexes by appropriate weights. 
The choice to compute separate sub-indexes is related to the difficulty 

for the user of the tool to handle too many attributes together, especially 
when estimating weights. In addition, the calculation of sub-indexes 
allows a preliminary evaluation of the partial scores of the alternatives 
in the domain of interest. The sub-indexes used are the Techno- 
Economic sub-Index (TEI) and the Environmental and Supply Risk 
sub-Index (ESRI): 

TEI(ai) =
∑NTEI

t=1
wt • vt(xit) (3) 

Fig. 1. Workflow of the MADM model implemented in the Sustainable Technology Performance (STeP) tool.
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ESRI(ai) =
∑NESRI

q=1
wq • vq(xiq) (4) 

where: ai represents the i-th alternative; NTEI/ESRI the number of TEI/ 
ESRI attributes; wt/q the weights for TEI/ESRI attributes; vt/q(•) the 
marginal value function for TEI/ESRI attributes; xit the input value for 
the i-th alternative and the t-th TEI attribute; and xiq the input value for 
the i-th alternative and the q-th ESRI attribute.

It is worth noting that N = NTEI +NESRI and, for sake of clarity, the 
attributes have been thought ranked as follows: the first NTEI attributes 
falls under the TEI group, whereas the NESRI attributes lying between 
NTEI +1 and NTEI +NESRI refer to the ESRI attribute group.

The Energy Storage Sustainability Index (ESSI) is finally computed 
through the additive aggregation of the two sub-indexes: 

ESSI(ai) = wTEI • TEI(ai) + wESRI • ESRI(ai) (5) 

In (5), wTEI and wESRI represent the weights for TEI and ESRI attribute 
groups, respectively. Finally, it should be noted that the choice of 
weights has a strong influence on the final result. To address this issue, 
different scenarios with different weights for the sub-indexes were 
considered. In addition, the variation in weights for the TEI/ESRI attri
butes was also taken into account through ad hoc sensitivity analyses.

2.4. Evaluation of parameter uncertainties: Sensitivity analysis

The shape of the value functions, the uncertainty of the input data, 
the number of attributes, and the weights assigned to the TEI/ESRI at
tributes play a central role in determining the ESSI for each alternative. 
Therefore, the MADM tool allows to vary the shape of the value function, 
the value of the input data, the number of attributes considered, and the 
weights assigned to the attributes, resulting in different uncertainty 
assessments: 

• Simulation 1 and Simulation 2. Two different shapes of the marginal 
value function, namely linear and quadratic, were considered to 
explore the effect of their variations on the ESSI results.

• Sensitivity Analysis 1 and Sensitivity Analysis 2. About the input un
certainties, the effect of the input value xij, over a range of confidence 
on the ESSI results was investigated.

• Sensitivity Analysis 3. To account for the reduction in the number of 
attributes, a modified set of attributes Bʹ =

{
bθ́, θ = 1,⋯,Θ

}
is 

defined, with Θ⊂N. The modified evaluation matrix and judgment 
matrix are Xʹ∊RM,Θ and Bʹ∊RΘ,Θ, respectively. The modified vector of 
absolute weights is wʹ = [w1́,⋯,wΘ́].

• Sensitivity Analysis 4 and Sensitivity Analysis 5. Regarding the uncer
tainty associated with the weighting procedure, the effect of varying 
the weights for the TEI/ESRI attributes on the ESSI results was 
investigated. Specifically, equal weights for TEI/ESRI attributes were 
used, with a linear shape (Sensitivity Analysis 4) and a quadratic shape 
(Sensitivity Analysis 5) for the marginal value function.

2.5. Case study

The case study is related to a sustainable evaluation of different 
energy storage technologies. Table 2 shows the set of alternatives, the set 
of attributes, and the input values used in the MADM model. In partic
ular, different chemistries of Li-ion batteries are selected as the alter
natives of the MADM problem. They are characterized by different 
cathode active material and the same anode active material, namely 
natural graphite (NG).

The set of attributes is divided into the techno-economic (TE) and the 
environmental and supply risk (ESR) domains. Within the TE domain, 
the selected attributes are the battery energy density εbatt, the 
manufacturing cost Cman, the cycle lifetime κc and the safety ς. Although 
the operation and maintenance (O&M) cost is an important attribute for 
the evaluation of ESTs, it has been neglected in this study because all 
alternatives differ only in the cathode materials and therefore have 
analogous O&M cost.

For the ESR domain the attributes are the global warming potential 
GWP, the resource depletion RD, the HHI-WGI composite indicator 
HHIWGI, and the recycling rate ηR. In detail, the HHIWGI attribute is used 
to assess the supply risk of the storage materials. It is obtained by 
weighting the Herfindahl-Hirschman Index (HHI) by the geopolitical 
stability of the supplying countries (WGI). For both the HHI-WGI HHIWGI 

Table 2 
Input values for the set of attributes selected.

Alternative A1 A2 A3 A4 A5 A6 A7

Chemistry LFP- 
NG

LMO- 
NG

NMC111- 
NG

NMC532- 
NG

NMC622- 
NG

NMC811- 
NG

NCA- 
NG

Techno-economic attributes
εbatt 

[Wh/kgbatt]   
79.2 85.5 104.9 114 114 109.7 116.6

Cman 

[€/kWhec] 
93.4 90.5 107.9 100.2 100.9 97.7 100.8

κc 

[-] 
6250 1500 4000 4000 4000 4000 3345

ς 
[-] 

5 4 3 3 3 3 1

Environmental and Supply Risk attributes
GWP 

[kgCO2,eq/kWhec]
1.91E + 02 1.73E + 02 2.03E + 02 1.79E + 02 1.80E + 02 1.83E + 02 1.84E + 02

RD 
[kgSb,eq/kWhec]

1.97E-01 1.99E-01 1.68E-01 1.49E-01 1.51E-01 1.52E-01 1.44E-01

HHIWGI 

[-]
1.36E-01 1.35E-01 1.85E-01 1.68E-01 1.67E-01 1.55E-01 1.54E-01

ηR 

[-]
2.18E-01 4.78E-01 3.83E-01 3.83E-01 3.85E-01 3.86E-01 4.19E-01
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and the recycling rate ηR attributes, the aggregate values were obtained 
by a mass-based weighted average of the selected materials.

The meaning of the attributes used is briefly explained below. In 
particular, the (gravimetric) energy density εbatt is defined as the ratio 
between the energy capacity of the battery and its mass [13]. The 
manufacturing cost Cman includes the cost of the materials and the costs 
associated with the manufacturing process and overhead [23]. The cycle 
lifetime κc is defined as the number of cycles that the energy storage 
system can achieve at certain operating parameters (e.g., the depth of 
discharge and the operating temperature), before reaching the end-of- 
service [24]. Safety ς is an attribute that accounts for the resilience of 
the battery to withstand to potential mechanical, electrical and thermal 
abuse [25]. The global warming potential GWP is used to assess the 
climate impact of the of greenhouse gas emissions, relative to an 
equivalent amount of carbon dioxide [26]. The resource depletion RD is 
used to assess the depletion of abiotic resources used as inputs in the 
system. The HHIWGI is a concentration index of the supply of battery 
materials, weighted by the country governance of the producing coun
tries, used as a proxy indicator for assessing the geopolitical stability of 
the supplying countries [27]. Finally, the recycling rate ηR is the ratio of 
the mass recovered from the recycling process of spent batteries, 
compared to the battery in input to the recycling process [28].

Furthermore, the methodological details on the aggregation pro
cedure for obtaining HHIWGI are reported in below: 

HHIWGI =
∑Z

z=1
HHIWGI,z •

Φz

Φtot
(6) 

In (6), HHIWGI,z, Φz and Φtot represent the concentration index of the 
supply for the z-th battery material, the mass of the z-th battery material 
and the total mass of the battery materials, respectively. The procedure 
for estimating HHIWGI,z is reported in the Supplementary Material, and it 
follows the approach described in [29].

For the evaluation matrix shown in Table 2, several sources of data 
were collected. The manufacturing cost of the module for each alter
native is taken from BatPac [23], converted to Euros and adjusted for 
taking into account the inflation. Cycle lifetime data sources are taken 
instead from [30–33]. Safety features are collected from [31,34]. The 
battery energy density was evaluated based on the cell energy density of 
each chemistry and the bill of materials used in the environmental 
impact assessment. The cell energy density for the alternatives was 
taken from [30,35–38]. For the Environmental and Supply Risk attri
butes, the method used to evaluate the GWP and the RD relies on the 
attributional LCA approach. The software used was SimaPro, while the 
background data were taken from Ecoinvent [39]. The data sources for 
the HHIWGI are [40,41] for the HHI and [42] for the WGI. Finally, the 
data source for the recycling rate ηR was taken from [43]. Further details 
can be found in the Supplementary Material.

The graphical representation of the input values of the set of attri
butes selected is shown in Fig. 2, where the reported values are the input 

values in Table 2 normalized according to the range 
[

x(min)
j , x(max)

j

]
, 

where x(min)
j = mini=1,..,Mxij and x(max)

j = maxi=1,..,Mxij, are the minimum 
and maximum input values for the j-th attribute, considering the set of M 
alternatives. Intermediate values are obtained as: 
(

xij − x(min)
j

)
/
(

x(max)
j − x(min)

j

)
. From Fig. 2, it can be seen how the alter

native A7 has the highest energy density, the alternative A3 has the 
highest manufacturing cost, while the alternative A1 has the highest 
cycle lifetime and safety performances. Regarding the environmental 
parameters, the highest GWP is owned by the alternative A3, whereas 
the highest score for RD is related to the alternative A2. Finally, for the 
supply risk parameters, the highest relative score for HHIWGI is linked to 
the alternative A3, while for ηR the highest relative score is linked to the 
alternative A2.

2.5.1. Scenario Analysis
The developed tool is able to evaluate the relative scores, according 

to the user selection of the input data and the main assumptions of the 
MADM. In order to verify the flexibility of the model, two simulations 
were performed, namely Simulation 1 and Simulation 2. The difference 
between the two is the shape of the marginal value function used for the 
analysis. Finally, for each simulation, several scenarios are examined 
that differ in the sub-index weights (imposed by the user).

The synthetic assumptions made for Simulation 1 and the scenarios 
investigated are reported in Table 3. In detail, Simulation 1 assumes a 
linear shape of the marginal value function. Furthermore, five scenarios 
are investigated, namely S1, S2, S3, S4 and S5. Each scenario is charac
terized by different numerical values of the weights assigned to the sub- 
indexes.

Instead, the synthetic assumptions made for Simulation 2 and the 
scenarios examined are reported in Table 4. A quadratic shape for the 
marginal value function is assumed in Simulation 2. As in Simulation 1, 
the weights for the two domains (i.e., TE and ESR) are imposed by the 
user, and five scenarios are investigated.

2.5.2. The attribute weights for Simulation 1 and Simulation 2
Once the relative importance between the two domains is imposed 

by the user (see Table 3 and Table 4, for Simulation 1 and Simulation 2, 
respectively), it is necessary to define the relative importance among the 
attributes included in each domain. This is assessed using AHP, whose 
judgment matrices are provided in the Supplementary Material for both 
the TE (Table S.5) and ESR (Table S.6) domains.

The assessed weights are reported in Table 5 for each domain. It is 
worth noting that the values shown in Table 5 represent the attribute 
weights for the TE and ESR domains, formulated in (3) and (4) as wt, wq 
for the t-th attribute of the TE domain and the q-th attribute of the ESR 
domain, respectively. The cycle lifetime κc and the manufacturing cost 
Cman have the higher relative weights for the TE domain, while the 
global warming potential GWP and the HHI-WGI Composite Indicator 

Fig. 2. Graphical representation of the input parameters of the MADM model.

Table 3 
Overview of the main assumptions for Simulation 1 and the scenarios 
investigated.

Function shape Scenario Sub-index weights

wTEI (%) wESRI (%)

Linear S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80
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HHIWGI represent their counterparts in the ESR domain. A lower weight 
is assigned to the battery energy density, compared to the others TE 
attributes, because it is considered less relevant for stationary purposes.

3. Results

The graphical representation of the relative ESSI scores for Simulation 
1 and Simulation 2 are shown in Fig. 3 and Fig. 4, respectively. It can be 
seen that the LFP-NG alternative (A1) is the most preferred option in 
three out of five scenarios (i.e., namely Scenario S1, Scenario S2 and 
Scenario S3), for Simulation 1, and in four out of five scenarios for 
Simulation 2 (i.e., namely Scenario S1, Scenario S2, Scenario S3 and 
Scenario S4). This is mainly due to the high score of TEI (0.88 for 
Simulation 1 and 0.93 for Simulation 2) and the relatively good score of 
ESRI (0.47 for Simulation 1 and 0.6 for Simulation 2). The NMC811-NG 
alternative (A6) shows instead the second relatively higher scores in two 
out of five scenarios (i.e., namely Scenario S2 and Scenario S3) for 
Simulation 1 and four scenarios for Simulation 2 (i.e., namely Scenario S1, 

Scenario S2 and Scenario S3 and Scenario S5). The LMO-NG alternative 
(A2) shows the highest ESSI in Scenario S4 and Scenario S5 for Simulation 
1 and only in Scenario S5 for Simulation 2. The reasons for these high 
scores are related to the high value of ESRI (0.88 in Simulation 1 and 0.93 
in Simulation 2), that outweighs the relatively low score of TEI (0.38 in 
Simulation 1 and 0.35 in Simulation 2) in case of preponderant weight 
assigned to ESRI (i.e., in Scenario S5 wTEI is 0.2 and wESR is 0.8). Finally, 
the NCM111-NG alternative (A3) shows the worst relative scores for all 
scenarios in both simulations performed.

3.1. Sensitivity analyses

Five different sensitivity analyses were performed, namely Sensitivity 
Analysis 1, Sensitivity Analysis 2, Sensitivity Analysis 3, Sensitivity Analysis 
4 and Sensitivity Analysis 5. The Sensitivity Analysis 1 and the Sensitivity 
Analysis 2 evaluate the influence of the variation of the Global Warming 
Potential GWP and of the cycle lifetime κc on the ESSI scores, respec
tively. The Sensitivity Analysis 3 instead accounts for the variation of the 
number of input parameters assessed as attributes. In addition, the 
Sensitivity Analysis 4 and the Sensitivity Analysis 5 evaluate the impact of 
varying the weights of the TEI/ESRI attributes on the ESSI scores. Both 
the Sensitivity Analysis 4 and the Sensitivity Analysis 5 assume equal 
weights for the attributes, but differ in the shape of the marginal value 
function used.

3.1.1. Sensitivity Analysis 1
The Sensitivity Analysis 1 accounted for the uncertainty of the 

numeric scores of the Global Warming Potential attribute for each 
alternative. Minimum and maximum values of GWP have been collected 
from literature sources [33,44–47]. The variation range for GWP is re
ported in Table 6, including the minimum values GWP(min), the 
maximum values GWP(max) and their absolute difference δGWP.

Furthermore, two cases have been carried for the Sensitivity Analysis 
1, as shown in Table 7. Case 1 exploit GWP(min) as the updated attribute, 
whilst Case 2 GWP(max). The rest of the assumptions for the Sensitivity 
Analysis 1 is coincident with those ones of the Simulation 1.

The results for the Case 1 and Case 2 of the Sensitivity Analysis 1 are 
graphically reported in Fig. 5. It can be noticed how the alternative LFP- 
NG (A1) remains the first in three out of five scenarios of the Case 1 
(Scenario S1, Scenario S2 and Scenario S3), whilst for Case 2 in Scenario 
S1 (i.e., equal weights for the sub-indexes) the LMO-NG alternative (A2) 
outperforms the LFP-NG alternative (A1).

Table 4 
Overview of the main assumptions for Simulation 2 and the scenarios 
investigated.

Function shape Scenario Sub-indexes weight

wTEI(%) wESRI(%)

Quadratic S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80

Table 5 
Priority weights for TE and the ESR domains.

Attribute Weight

Techno-economic
εbatt 6.6E-2
Cman 3.0E-1
κc 5.5E-1
ς 8.8E-2
Environmental and Supply Risk
GWP 5.5E-1
RD 7.4E-2
HHIWGI 2.5E-1
ηR 1.3E-1

E
SS

I

Fig. 3. Graphical representation of the ESSI scores for each alternative and scenario in Simulation 1.
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3.1.2. Sensitivity Analysis 2
The Sensitivity Analysis 2 accounted for the uncertainty of the 

numeric scores of the cycle lifetime attribute for each alternative. Min
imum and maximum values of κc have been collected from literature 
sources [31–33,44]. The variation range for κc is reported in Table 8, 
including the minimum values κc

(min), the maximum values κc
(max) and 

their absolute difference δκc.
As in the Sensitivity Analysis 1, two cases have been investigated, as 

shown in Table 9. Case 1 exploit κc
(min) as the updated attribute, whilst 

Case 2 κc
(max). The rest of the assumptions for the Sensitivity Analysis 2 is 

coincident with those ones of the Simulation 1.
The results for the Case 1 and the Case 2 of the Sensitivity Analysis 2 

are graphically reported in Fig. 6. It can be noticed how the alternative 
LFP-NG (A1) remains the first in three out of five scenarios for both the 
cases (Scenario S1, Scenario S2 and Scenario S3).

3.1.3. Sensitivity Analysis 3
The Sensitivity Analysis 3 has been carried out to take into account a 

potential correlation between the energy density εbatt and safety ς pa
rameters. In fact, for the safety attribute, only the thermal runaway 
temperature was considered, which was used as a proxy parameter for 
safety. However, batteries with higher energy densities have lower 
thermal stability, which can lead to thermal runaway [48]. Moreover, 
potential correlations arise between the energy density εbatt and the 
resource depletion RD, the HHI-WGI Composite Indicator HHIWGI and 
the manufacturing cost Cman, as well as between the cycle lifetime κc and 
the recycling rate ηR. The reduced statistical sample and the un
certainties in the input data led to the decision to keep all the attributes 
in the main case study and to assess the influence of potentially corre
lated attributes through a sensitivity analysis. Since the previous con
siderations, the Sensitivity Analysis 3 consists in a reduction of the set of 
attributes and the subsequent evaluation of the possible effects on the 
final results. Between the energy density εbatt and safety ς, the elimina
tion choice has fallen on the first one. This is due to the fact that safety is 
considered as a more important attribute, compared to the energy 
density, for stationary purposes (see also Table 5). Furthermore, for the 
same considerations the recycling rate ηR and the HHI-WGI Composite 
Indicator HHIWGI have been removed as attributed in the Sensitivity 
Analysis 3. However, it has to be noted that, in case of evaluation of 
different battery applications, such as the mobility and the portable 
electronics, further assessments for the set of attributes and the priority 
of the weights have to be made. The modified comparison matrixes, for 
both the TE domain and the ESR domain, are reported in the Supple
mentary Materials (Table S.7 and Table S.8, respectively). The two cases 
considered in this analysis, namely Case 1 and Case 2, differ from the 
Simulation 1 and Simulation 2 in terms of attributes and the priority 
weights obtained by applying the Saaty’s scale. From the results, that are 
reported in Fig. 7 (ESSI scores in Case 1) and Fig. 8 (ESSI scores in Case 
2), it can be noted how worst results appear to be the same as those 
computed in Simulation 2, whilst some differences can be underlined in 
the best alternatives. Indeed, in Case 1 the alternative NMC532-NG (A4) 
outperforms the others in three out of five scenarios, reducing the 
number of scenarios in which alternative A1 has the highest ESSI score 
(namely Scenario S2 and S3). Results for Case 2 reward instead LFP-NG as 
the best alternative in Scenario S1, S2 and S3, with the alternative A4 
with the higher ESSI score in the remaining scenarios (i.e., S4 and S5).

3.1.4. Sensitivity Analysis 4 and Sensitivity Analysis 5
The Sensitivity Analysis 4 and the Sensitivity Analysis 5 take into 

E
SS

I

Fig. 4. Graphical representation of the ESSI scores for each alternative and scenario in Simulation 2.

Table 6 
Overview of the variation range of GWP considered in the Sensitivity Analysis 1.

Alternative GWP(min) GWP(max) δGWP

A1 7.91E + 01 2.75E + 02 2.0E + 02
A2 5.29E + 01 1.76E + 02 1.23E + 02
A3 9.33E + 01 2.23E + 02 1.29E + 02
A4 8.58E + 01 2.05E + 02 1.19E + 02
A5 8.58E + 01 2.05E + 02 1.19E + 02
A6 8.92E + 01 2.13E + 02 1.24E + 02
A7 7.2E + 01 2.11E + 02 1.39E + 02

Table 7 
Main assumptions for the Case 1 and Case 2 of the Sensitivity Analysis 1.

Case Updated 
attribute

Function 
shape

Scenario Sub-indexes 
weight

TEI 
(%)

ESRI 
(%)

1 GWP(min) Linear S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80

2 GWP(max) Linear S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80
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account the uncertainty of the ESSI results related to the selection of 
weights. An overview of the main assumptions is given in Table 10. It 
should be noted that both the Sensitivity analysis 4 and the Sensitivity 
Analysis 5 are characterized by equal weights for TEI/ESRI attributes and 
different shape of the marginal value function.

The results for both the Sensitivity analysis 4 and the Sensitivity 
Analysis 5 are shown in Fig. 9. It can be seen that the NMC811-NG (A6) 
alternative is the most preferred option in three out of five scenarios of 
the Sensitivity Analysis 4 (Scenario S1, Scenario S2 and Scenario S4). This 
is due to the shift from the priority weights for the TE and ESR domains 
identified by the AHP rating to the equal weights. This choice resulted in 

a 19 % reduction in the value of the TEI sub-index for the alternative A1 
compared to Simulation 1. For the alternative A6, the value of TEI in the 
Sensitivity Analysis 4 increases by 9 % compared to Simulation 1.

Finally, in the Sensitivity Analysis 5, the alternative LFP-NG (A1) is the 
most preferred option only for technically oriented scenarios (i.e., 

Fig. 5. Graphical representation of the ESSI scores for the Case 1 (top figure) and Case 2 (bottom figure) of the Sensitivity Analysis 1.

Table 8 
Overview of the variation range of κc considered in the Sensitivity analysis 2.

Alternative κc
(min) κc

(max) δκc

A1 2.5E + 03 1.0E + 04 7.5E + 03
A2 1.0E + 03 2.0E + 03 1.0E + 03
A3 2.0E + 03 6.0E + 03 4.0E + 03
A4 2.0E + 03 6.0E + 03 4.0E + 03
A5 2.0E + 03 6.0E + 03 4.0E + 03
A6 2.0E + 03 6.0E + 03 4.0E + 03
A7 1.69E + 03 5.0E + 03 3.31E + 03

Table 9 
Main assumptions for the Case 1 and Case 2 of the Sensitivity analysis 2.

Case Updated 
attribute

Function 
shape

Scenario Sub-indexes 
weight

TEI 
(%)

ESRI 
(%)

1 κc
(min) Linear S1 50 50

S2 60 40
S3 80 20
S4 40 60
S5 20 80

2 κc
(max) Linear S1 50 50

S2 60 40
S3 80 20
S4 40 60
S5 20 80

S. Cellura et al.                                                                                                                                                                                                                                  Energy Conversion and Management 324 (2025) 119312 

9 



Fig. 6. Graphical representation of the ESSI scores for the Case 1 (top figure) and Case 2 (bottom figure) of the Sensitivity Analysis 2.

E
SS

I

Fig. 7. Graphical representation of the ESSI scores for the Case 1 of the Sensitivity Analysis 3 (linear shape for the marginal value functions).
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Scenario S2 and Scenario S3).

4. Discussion

The analysis of the results shows that LFP-NG (A1) is the most 
preferred option, compared to the other Li-ion alternatives, for the 
majority of the scenarios analyzed. For the techno-economic domain, 
the most influential attributes are the cycle lifetime and the 
manufacturing cost, while for the environmental and supply risk domain 
the attributes with higher relevance are the Global Warming Potential 
GWP and the HHI-WGI Composite Indicator HHIWGI. The preferred al
ternatives, in terms of the highest ESSI score for each scenario and 
simulation of the main results (i.e., Simulation 1 and Simulation 2), are 
reported in Table 11. Table 11 also shows the results of the Case 1 and 
Case 2 of the Sensitivity Analysis 1, the Sensitivity Analysis 2 and the 
Sensitivity Analysis 3, as well as the Sensitivity Analysis 4 and the Sensi
tivity Analysis 5. It can be seen that the LFP-NG (A1) alternative performs 
better than the other alternatives, in three out of five scenarios consid
ered in Simulation 1 and four out of five in Simulation 2. In the other 
scenarios (i.e., namely Scenario S4 and Scenario S5 in Simulation 1, 
Scenario S5 in Simulation 2), the preferred alternative is represented by 
LMO-NG (A2), which obtained the highest ESSI score. This is due to the 
higher weight given to the ESR domain (60 % in Scenario S4 and 80 % in 
Scenario S5), compared to the TE domain (40 % in Scenario S4 and 20 % 
in Scenario S5). The Sensitivity Analysis 1 (GWP variation), the Sensitivity 
Analysis 2 (κc variation) and the Sensitivity Analysis 3 (reduced number of 

attributes) show an analogous trend, with the LFP-NG alternative (A1) 
emerging as the most preferred option in the majority of the scenarios 
analyzed. A different trend is shown in the sensitivity analyses charac
terized by equal weights for the TEI/ESRI attributes, especially in the 
Sensitivity Analysis 4. In fact, in the latter, the most preferred option is the 
NMC811-NG alternative (A6), which obtained the highest ESSI score in 
three out of five scenarios. This is mainly due to the increase of the 
values of the weights for the energy density (from 6.6E-2 to 2.5E-1), and 
for the resource depletion (from 7.4E-2 to 2.5E-1) in the shift from AHP 
rating to the equal weights. It should be noted, however, that energy 
density is considered as less relevant than other attributes in the selec
tion of Li-ion batteries for stationary applications.

5. Conclusions

This work provided a comprehensive assessment of seven Li-ion 
batteries, through an overall index called Energy Storage Sustainabil
ity Index (ESSI), which has been obtained by merging two domains, 
namely the techno-economic (TE) domain and the environmental and 
supply risk (ESR) domain. For the evaluation, a flexible tool called 
Sustainable Technology Performance (STeP) has been developed in 
MATLAB® environment for the multi-attribute decision-making 
(MADM) assessment of Li-ion batteries. The tool uses a model based on 
the Multi-Attribute Value Theory (MAVT) as ranking method, with the 
Analytic Hierarchy Process (AHP) as weighting method.

Two main simulations were analyzed, namely Simulation 1 and 
Simulation 2, which differ in the shape of the marginal value function 
adopted. For each simulation, five different scenarios were run with 
different weights for the TE and ESR domains. The results show that the 
Lithium Iron Phosphate-Natural Graphite (LFP-NG) consistently 
emerges as the preferred option, in three out of five scenarios in Simu
lation 1 and four out of five scenarios in Simulation 2. This is mainly due 
to the high scores of 0.88 and 0.93 achieved for the techno-economic 
sub-index in Simulation 1 and in Simulation 2, respectively. However, 
this preference shifts in the remaining scenarios, emphasizing the ESR 
domains where the Lithium Manganese Oxide-Natural Graphite (LMO- 
NG) alternative ranks highest. In addition, five sensitivity analyses were 
performed to account for the uncertainties of the model. The results 
show that the LFP-NG alternative is the most preferred option in more 
than half of the scenarios analyzed (twenty-six over fifty).

Despite the robustness of the methodology, there are several weak
nesses. In fact, the reliance on an AHP-based model may introduce po
tential subjectivity in weight assignment. This issue has been addressed 
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Fig. 8. Graphical representation of the ESSI scores for the Case 2 of the Sensitivity Analysis 3 (quadratic shape for the marginal value functions).

Table 10 
Main assumptions for the Sensitivity analysis 4 and the Sensitivity Analysis 5.

Sensitivity 
analysis

Updated 
parameters

Function 
shape

Scenario Sub-indexes 
weight

TEI 
(%)

ESRI 
(%)

4 wt =
1

NTEI
wq =

1
NESRI

Linear S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80

5 wt =
1

NTEI
wq =

1
NESRI

Quadratic S1 50 50
S2 60 40
S3 80 20
S4 40 60
S5 20 80
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through two ad hoc sensitivity analyses, namely the Sensitivity Analysis 4 
and the Sensitivity Analysis 5, which explored the influence of weight 
variation on the final results. The shift from the AHP rating to the equal 
weights increased the contribution of attributes where the LFP-NG 
alternative perform poorly, such as energy density and resource 
depletion.

Inaccuracies in the input data collected for the evaluation matrix 
could also play a large role in the final results. To address this issue, a 
variation range of the Global Warming Potential (GWP) and the Cycle 
Lifetime was evaluated in the Sensitivity Analysis 1 and the Sensitivity 
Analysis 2. The results are analogous to those obtained in Simulation 1 
and Simulation 2, except for Case 2 in the Sensitivity Analysis 1, where the 
highest upper GWP value assumed by the LFP-NG alternative, compared 
to the others, makes the LMO-NG alternative the most preferred option 
in an additional scenario (Scenario S1).

From a commercial perspective, the study highlights limitations 
related to the availability and variability of input data for different 
battery chemistries, which may hinder the applicability of the results in 
other contexts. Furthermore, since the focus on stationary applications 
and Li-ion batteries, further evaluations should be carried out for 
implementation in different sectors and for different ESTs.

The lessons learned from the analysis, particularly the role of input 

Fig. 9. Graphical representation of the ESSI scores for the Sensitivity Analysis 4 (top figure) and the Sensitivity Analysis 5 (bottom figure).

Table 11 
Best alternative for each scenario considered of the main results and the sensi
tivity analyses.

Main results Scenario

S1 S2 S3 S4 S5

Simulation 1 A1 A1 A1 A2 A2

Simulation 2 A1 A1 A1 A1 A2

Sensitivity analysis Case Scenario

S1 S2 S3 S4 S5

1 1 A1 A1 A1 A2 A2

2 A2 A1 A1 A2 A2

2 1 A1 A1 A1 A2 A2

2 A1 A1 A1 A2 A2

3 1 A4 A1 A1 A4 A4

2 A1 A1 A1 A4 A4

4 A6 A6 A1 A6 A2

5 A6 A1 A1 A7 A7

S. Cellura et al.                                                                                                                                                                                                                                  Energy Conversion and Management 324 (2025) 119312 

12 



data, the impact of weights, and the exploration of possible in
terdependencies among the selected attributes, may be transferred to 
other ESTs evaluations.
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Climate Change 2021: The Physical Science Basis. Contribution of Working Group I 
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; 
2021.

[27] Blengini GA, et al. Assessment of the methodology for establishing the EU list of 
critical raw materials. JRC Tech Rep 2017. https://doi.org/10.2760/73303.

[28] Tercero Espinoza LA. Critical appraisal of recycling indicators used in European 
criticality exercises and circularity monitoring. Resour Policy 2021;73:102208. 
https://doi.org/10.1016/j.resourpol.2021.102208.

[29] Blengini GA, Nuss P, Dewulf J, Nita V, Peirò LT, Vidal-Legaz B, et al. EU 
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