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Innovative carbon reduction and sustainability solutions are needed to combat climate change. One promising

approach towards cleaner air involves the utilization of lithium-ion batteries (LIB) and electric power vehicles,

showcasing their potential as innovative tools for cleaner air.
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1. Introduction

1.1. Overview of the Lithium-Ion Batteries Industry

Lithium-ion batteries have emerged as a dominant technology for portable electronics, electric vehicles, and

renewable energy storage due to their high energy density, long life cycle, and environmentally friendly

characteristics . As the demand for lithium-ion batteries continues to grow, it becomes imperative to assess the

efficiency of lithium-ion battery manufacturers to optimize their performance and ensure sustainable production

practices. The global lithium-ion battery industry has experienced remarkable growth, with a market value of USD

42.30 billion in 2020 . It is projected to reach approximately USD 160.21 billion by 2026, growing at a

CAGR of around 26.04% . This growth can be attributed to several key factors driving the expansion of lithium-

ion battery technology.

Firstly, increasing environmental concerns and the need to mitigate carbon emissions from conventional

automobiles have spurred the adoption of electric vehicles worldwide . Strict emission standards imposed by the

highest authorities in many countries have accelerated the shift towards electric cars, which has fueled the demand

for lithium-ion batteries as a preferred choice for powering electric vehicles .

Furthermore, the decreasing lithium-ion battery prices and rising investment by market players in research and

development to launch batteries with an advanced capacity have contributed to the market growth. Introducing new

market participants and model variations for electric vehicles has intensified competition and led to innovations to

reduce production costs, further propelling the demand for lithium-ion batteries .

Governments of several developing countries are also promoting the adoption of electric vehicles through

assistance and incentives for production, consumption, and the development of public charging infrastructure .

This encouragement has created a favorable environment for the expanding demand for lithium-ion batteries.
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Besides that, lithium-ion batteries’ small size, excellent energy efficiency, and low price make them an attractive

choice for various applications, including manufacturing, automobile, electronic devices, healthcare gadgets,

telecommunication buildings, and other sectors . The expanding applications of lithium-ion batteries in

diverse industries such as military, aviation, smart grid, and passenger cars are expected to boost the market

growth further . The global LIB industry is segmented based on category, structure, employment, market

competition, and geographic distribution. A flourishing industry propels the strong demand for lithium-ion battery

technology in the thriving automotive sector, an amplified allocation of electric vehicles, and a growing presence of

market players in this domain .

The global LIB industry is witnessing robust growth driven by increasing environmental concerns, declining prices,

investments in research and development, government incentives, and expanding applications . The projected

growth in the automotive and traction segment and the overall market presents significant opportunities for

manufacturers, investors, and other stakeholders in the lithium-ion battery industry.

1.2. Research Gap and Research Motive

Despite the increasing demand and widespread use of lithium-ion batteries in various applications, there is still a

research gap in evaluating the efficiency of lithium-ion battery manufacturers. The current research mainly focuses

on assessing the performance of lithium-ion batteries in terms of energy storage capacity, durability, and safety

features. However, limited research addresses the efficiency of manufacturers producing these types of batteries.

An efficiency evaluation is crucial for manufacturers because it provides detailed information about their operational

performance and identifies areas that need improvement. Traditional efficiency evaluation methods, such as Data

Envelopment Analysis (DEA) and its variations, have been widely used in various industries to measure efficiency.

However, there is still a lack of research applying DEA and other advanced methods to evaluate the efficiency of

lithium-ion battery manufacturers.

The primary motive of this study is to bridge the research gap by assessing the efficiency of lithium-ion battery

manufacturers using a DEA approach, especially the Malmquist and the Epsilon-Based Measure (EBM) model.

The DEA Malmquist model is a widely used method for evaluating the efficiency of a Decision-Making Unit (DMU)

over time. The EBM model is a relatively new approach incorporating undesirable outputs in the efficiency

assessment process.

By employing these advanced methods, this research aims to provide a comprehensive and accurate assessment

of the efficiency of lithium-ion battery manufacturers. This assessment can help identify best practices,

benchmarking targets, and areas for improvement in the manufacturing processes of lithium-ion batteries.

2. Study Process

This research presents an innovative and incorporated approach for assessing the efficiency of the top twelve

lithium-ion battery companies from 2018 to 2021. The proposed model combines Data Envelopment Analysis
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(DEA) Malmquist and Efficiency-Based Measure (EBM) techniques, offering a comprehensive and sophisticated

framework for evaluating efficiency in this context . The research process for assessing the efficiency of

lithium-ion battery manufacturers using the DEA Malmquist and EBM model can be outlined in three main phases,

as demonstrated in Figure 1.

Figure 1. The research framework for a lithium-ion industry assessment.

Phase 1: Problem Analysis and Objective Definition
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Researchers expect to find and examine the challenges connected to analyzing the efficiency of lithium-ion

producers throughout this phase of the research. Researchers established a precise research objective with

specified targets and measurable outcomes.

Phase 2: Data Collection and Analysis

This phase involves selecting the appropriate inputs and outputs for the DEA Malmquist model based on the study

objectives and available data. Total assets, liabilities, and SG&A expenses are determined for entry. Based on the

study objectives and open data, revenue and gross income are chosen as the outputs for the DEA Malmquist

model at this step. A Pearson correlation test assesses data homogeneity and isotonicity, which ensures the

study’s validity. As part of this total productivity evaluation, the DEA Malmquist model measures lithium-ion

producers’ “technical efficiency change (catch-up)” and “technological investment (frontier shift)” .

Before proceeding to the next stage, a diversity affinity test is run to double-check the diversity and affinity

coefficient indices .

Phase 3: EBM Model and Results Analysis

In this phase, researchers utilized the Epsilon-Based Measure (EBM) model to determine scores for the efficiency

and inefficiency of the Decision-Making Units (DMUs), also known as lithium-ion battery producers, based on the

DEA Malmquist model outputs. These scores rank DMUs based on their ability to manufacture lithium-ion batteries.

The efficiency and inefficiency scores are evaluated, and the findings are interpreted considering the research

objectives. The implications of the results are discussed, as well as the research’s limitations and potential paths

for additional exploration. The study draws several conclusions and makes recommendations to various

stakeholders, including practitioners and policymakers in the lithium-ion manufacturing industry.

Combining the DEA Malmquist and EBM models, this three-phase research process offers a comprehensive

approach for evaluating lithium-ion manufacturers’ efficiency, considering total productivity change and efficiency

scores while ensuring data integrity through a correlation analysis and diversity affinity testing.

The integrated DEA Malmquist and EBM models proposed in this manuscript offer a cutting-edge approach for

assessing efficiency in the lithium-ion battery industry, accounting for technical efficiency change and technological

investment. Using a Pearson correlation analysis and diversity and affinity coefficient index verification further

strengthens the findings’ robustness. The results of this study are expected to provide valuable insights for

stakeholders, including policymakers and researchers, in the lithium-ion battery industry and contribute to the

existing literature on efficiency assessments in the field of battery technology.

3. Efficiency-Based Measure

Some noteworthy studies implemented the efficiency evaluation problems for businesses and manufacturers by

combining the Malmquist and EBM models in diverse approaches. Mykhalovskiy et al., 2004 give thoughts,
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reviews, and evaluations to assist in developing more comprehensive social scientific research of EBM . Li et

al., 2020 utilized a modified meta-two-stage EBM Malmquist approach to investigate regional disparities in thirty-

one Chinese cities’ economies, energies, environments, health, and media during 2014–2016 . A quantitative

method was used by Rusli et al. to evaluate the logistics sector in Malaysia before and after the COVID-19

pandemic by comparing the sector’s effectiveness and efficacy using the EBM and Malmquist index approaches.

. Data envelopment analysis is used to analyze the energy efficiency of China’s coastal regions in terms of air

emissions between 2000 and 2012 (Qin et al., 2017) . Carbon dioxide, sulfur dioxide, and nitrogen oxide

emissions are all negative consequences of energy consumption.

Under the new regulation, the process by which banks develop appropriate internal judgments for absorbing

international strategic capital becomes crucial for managing banks. Constant productivity improvements will lead to

long-term growth; thus, the goals are as follows: (1) to figure out the connection between international strategic

ventures and improvements in the output of China’s banks and to validate the effectiveness of implementing

overseas strategic investing; (2) to determine the best overseas ownership percentage; and (3) to illustrate the

impact of overseas strategic expenditures on China’s financial institution efficiency, i.e., the way it transmits

between institutions .

Cheng et al., 2019 discover that the Malmquist trend of total factor productivity indicators corresponds with the

findings from the best practice gap change (BPC) and pure technological catch-up indexes (PTCU), indicating that

the BPC and PTCU indexes’ innovation effects are the primary factors responsible for productivity improvement

. Lu et al. 2020 use a three-stage DEA model and a period neural network framework to assess and forecast

total factor productivity in Chinese petroleum enterprises . From 2009 to 2018, the panel data from 50 publicly

traded Chinese petroleum companies were used. A three-stage Data Envelopment Analysis (DEA) model was used

to exclude environmental and random effects. As a result, the radial basis function neural network prediction model

was employed to forecast the total factor productivity of publicly traded petroleum businesses over the following

two years.

A two-phase DEA methodology based on EBM and Malmquist is used to investigate the effectiveness of maritime

transportation in European countries. The results identify the most prosperous nations across multiple economic

sectors from 2016 to 2019 and demonstrate that the research gap in applying the EBM method to marine transport

has been successfully filled .
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