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	ABSTRACT	
The study used a systematic review strategy to explore the challenges, prospects and pathways for establishing a lithium-ion battery (LIB) manufacturing industry in Zambia. As the global demand for lithium-ion batteries rises, driven by the transition to electric vehicles and other power requirements and renewable energy storage, Zambia's rich endowment of critical minerals strategically positions it as a significant player in the global battery value chain. The country’s geographical location in southern Africa can also leverage its role in the regional supply network and align with broader Southern African Development Community (SADC)’s integration goals. Furthermore, Zambia's increasing focus on green industrialization and value-added mineral processing presents a timely opportunity to develop a competitive lithium-ion battery sector that supports clean energy transitions across the region. Nevertheless, several structural and policy-related challenges such as inefficient extraction of battery-grade minerals, limited capacity for mineral processing and recycling, underdeveloped industrial infrastructure, inadequate policy frameworks, weak investment incentives, outdated mining legislation, and environmental sustainability concerns seem to impede progress in this critical sector. Therefore, to unlock the sector’s potential, this study uses a systematic review strategy to screen and filter relevant information using keywords and headings from peer-reviewed journal papers, industry reports, conference proceedings, and financial and policy reports for a high-quality rigor and credibility. Independent reviewers assessed the selected articles to ensure consistency, clarity and relevance of the content while highlighting key recommendations such as upgrading energy and manufacturing infrastructure, modernizing industrial facilities, facilitating technological transfer, building technical skills, implementing targeted policy reforms, strengthening environmental regulations, and promoting a vertically integrated supply chain system.  By addressing these challenges and leveraging its existing opportunities, Zambia can establish a robust lithium-ion battery manufacturing sector, driving industrial diversification, creating green jobs, and contributing meaningfully to both Africa’s economic transformation and the global transition to sustainable energy systems.
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1.0 INTRODUCTION
1.1 Background to the Study
Zambia’s strategic location in the central corridor of Southern Africa, endowed with its substantial mineral resources, has the potential to become a significant player in the global lithium-ion battery (LIB) manufacturing sector. As demand for clean energy solutions accelerates, fuelled by the increasing impacts of climate change on energy generation, storage, and transportation, the importance of lithium-ion batteries has surged, positioning them as a critical component in the transition to sustainable energy systems [1]. In response, many developing countries are taking steps to establish energy-related industries, and Zambia is no exception. However, the existing energy infrastructure in Zambia struggles to meet the growing demands of industrialization, resulting in frequent power shortages and unreliable electricity supply [2]. These challenges are further compounded by outdated industrial facilities and logistical inefficiencies, which hinder the country’s ability to participate competitively in the global market[3].
A significant constraint to LIB’s development is the technological gap.  The lack of access to advanced manufacturing processes and limited technical expertise, restricts the country’s capacity for innovation, as well as its potential for meaningful research and development. Moreover, the absence of a coherent and supportive policy environment combined with regulatory inconsistencies, further complicates efforts to establish a robust framework for this emerging sector. Further, environmental concerns, particularly those related to lithium extraction and battery production, add another layer of complexity[4,5]. Sustainable resource extraction practices and improved battery recycling systems are critical to mitigating potential ecological impacts and aligning with international environmental standards. 
Despite the above-mentioned challenges, Zambia has substantial opportunities to develop a thriving LIB manufacturing industry. The country is richly endowed with essential minerals for LIB production, including finite mineral resources such as the volatile cobalt, along with others such as nickel, manganese, and copper. However, realizing this potential will require overcoming a range of obstacles, such as poor infrastructure, technological barriers, policy and regulatory issues, and environmental concerns. Poor infrastructure particularly in energy supply, poses a huge obstacle to manufacturing operations. Strategic investments in infrastructure, promotion of technology transfer, and the implementation of effective policy reforms are essential. By addressing these areas and focusing on value addition through local processing of raw materials into finished products, Zambia can position itself as a key player in the global lithium-ion battery supply chain by creating opportunities.

1.2 Opportunities for African Countries in the Critical Minerals Sector amidst the Global Shift to Low-carbon Energy
The global shift toward low-carbon energy is accelerating, with many countries aiming for net-zero carbon emissions within specific deadlines [6,7]. This transition is expected to produce uneven global outcomes, with some countries poised to benefit and others likely to face risk.  African nations whose economies are heavily reliant on fossil fuels such as coal, oil, and natural gas may experience declining demand for these resources, potentially weakening their economic positions.  In contrast, countries endowed with critical minerals for renewable energy production and storage, such as the Democratic Republic of the Congo (DRC), Zambia, South Africa, Zimbabwe, Mozambique, Madagascar, Tanzania, Ghana, and Guinea are well-positioned to benefit from this transition.  [8]. Key minerals for LIBs include lithium, cobalt, manganese, nickel, aluminium, graphite, iron, copper, rare earth elements (REEs), and phosphates, as presented in Table 1.

Table 1: African countries with key critical minerals used in LIBs
	Country
	Critical (LIB) Mineral available

	Mozambique &Tanzania
	Graphite

	Gabon 
	Manganese

	South Africa
	Platinum, manganese, vanadium

	Morocco
	Phosphates

	DRC
	Cobalt, Copper

	Guinea Konark
	Bauxite

	Zimbabwe 
	Lithium

	Zambia
	Copper, Cobalt


(Source: https://energycapitalpower.com/African -countries -most -Critical Minerals/2024)

As the demand for these vital minerals surges and the need to diversify supply sources beyond a few dominant countries becomes urgent, African countries that once struggled to attract mineral exploration investments may now find new opportunities emerging.  However, recent years have seen a decline in the rate of new mineral zone discoveries, driven by reduced exploration investment and escalating costs associated with finding new viable deposits. Consequently, Africa currently ranks fifth globally in mineral exploration investment [9,10]. This competitive investment environment places a premium on fiscal stability, policy clarity, and the ability to deliver attractive returns to investors.
Currently, technological advances, especially the availability of data and its analysis are driving mineral discoveries, particularly through the application of geophysical surveys and advanced data analytics, which have become instrumental in detecting previously hidden deposits with unique characteristics [11,12]. The aerial mineral data collection strategy has been employed in South Africa effectively, and similar approaches have recently been adopted in Zambia by the mining company called Quantum Minerals. These strategies are crucial for attracting private sector investment and securing a consistent influx of financial resources into mining operations. By examining infrastructural, technological, and regulatory factors, alongside environmental considerations, this review will provide comprehensive insights and actionable recommendations to stakeholders interested in developing a sustainable and competitive LIB manufacturing sector in Zambia.

2.0 MATERIALS AND METHODS
This section comprehensively describes the process used to consolidate literature related to the challenges of lithium-ion battery (LIB) production in developing nations.  The primary objective was to conduct an in-depth and thorough analysis of existing research on the obstacles and challenges encountered by developing countries in adopting and scaling up lithium-ion battery manufacturing. The process involved identifying relevant search terms, choosing suitable academic databases, and outlining the procedures used for data collection, sampling, and thematic analysis. 
A structured literature search relevant to lithium batteries was conducted using the following scientific search engines:  Google Scholar, PubMed, Scopus, and Science Direct for a period of six months.  A systematic review approach was used to screen and filter articles with relevant information using keywords and headings of the topic [13]. Only peer-reviewed journal papers, industry reports, conference proceedings, and financial and policy reports were included to uphold a high-quality academic rigor and credibility [14]. Non-peer-reviewed articles and articles published in full or that lacked sufficient detail, were excluded from the analysis. Independent reviewers assessed the selected articles to ensure consistency, clarity, and relevance of content.
The data were thematically arranged into categories aligned with the study’s research questions [14].  These questions were designed to provide a comprehensive understanding of the primary challenges affecting lithium-ion battery production in both developed and developing nations [15]. The first research question focused on identifying financial, technological, and infrastructural barriers affecting LIB production growth. The second question focused on how legislative and regulatory frameworks influence the expansion of the LIB sector. The third addressed the environmental challenges associated with the production of lithium-ion batteries, especially in developing nations.  The third question also dwelt on the potential mitigation strategies. The final question posed was directed to investigate the practical approaches and actions that have been proposed or implemented to overcome these barriers [14]. 
To improve the relevance of the selected literature and refine the findings, Boolean operators were used to construct precise search queries.  Primary search terms included: "Lithium-ion battery manufacturing challenges," "Developing countries and lithium battery production," "Energy storage technology," "Battery manufacturing infrastructure in Africa/Asia/Latin America," "Policy and regulation in lithium battery industry," and "Environmental impacts of lithium battery production." The use of Boolean operators such as AND OR allowed the search to combine or exclude specific terms, enhancing the precision of the search results.
A purposive sampling strategy was used to capture a broad range of perspectives from developing nations across Africa, Asia, and Latin America, with particular focus on Zambia as a representative case for Africa. Studies that directly addressed barriers or proposed solutions specific to LIB production in developing nations were prioritized. In addition, comparative analyses between developed and emerging economies were included to provide deeper insights into the differences in resource availability, policy maturity, and technological capabilities relevant to LIB manufacturing.



2.1 Eligibility and Inclusion Criteria
Studies were eligible and included in the review process if they directly addressed issues or potential solutions pertaining to the production of lithium-ion batteries in developing nations. Prioritization was given to comparative studies between emerging and developed nations since they offered insightful information on the differences in resources and capacities. 
2.2 Exclusion Criteria
Studies were excluded from the review if they lacked substantial discussion of challenges, prospects and pathways affecting the lithium-ion battery investment in developing countries. Publications such as editorials, commentaries, opinion pieces, or full texts that were inaccessible were also excluded to maintain the integrity and reproducibility of the review process.
2.3 Screening and Selection Process
The screening and selection process followed a three-stage protocol, comprising title screening, abstract screening, and full-text review in line with PRISMA 2020 flow diagram guidelines. The initial database and grey literature search yielded 1,200 records, of which 140 duplicates were removed. Following title and abstract screening, 740 records were excluded, leaving 320 records which were subjected to further screening. Out of this number, 120 full-text articles which were retrieved for detailed assessment against the eligibility criteria. From this number, 46 records were excluded leaving ultimately, only 74 studies which met all the inclusion criteria and were incorporated into the final analysis. The distribution of the 74 articles reveals a diverse range of focuses across different types of sources and regions. This figure was thought to be adequate to guarantee that the review was modest and targeted while offering a thorough grasp of the difficulties faced by emerging nations in the LIB manufacturing sector. Figure 1summarizes the stages of the selection process and the number of studies at each stage:
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 Figure 1: PRISMA 2020 Flow Diagram (Source: Page MJ, et al., 2021)

2.4 Data Analysis
In order to identify and classify the main themes and patterns present in the literature; the present review used a thematic analysis approach to data analysis.  The data has been categorized into recurring themes, such as technological constraints, political and regulatory barriers, infrastructure problems, and environmental concerns, based on the research questions. For each topic, the findings of multiple studies were aggregated to provide a comprehensive overview of the barriers to lithium battery manufacturing in developing countries. When feasible, the analysis also included empirical data and case studies from the real world to ensure that the review encompassed both theoretical understanding and real-world experiences regulated and focused. Several ethical issues were discussed even though there was no primary data collection from human or animal subjects in this research. Strict academic criteria were followed in the study selection process to prevent bias and guarantee that a variety of viewpoints from developing nations were included. Only reputable, peer-reviewed sources were included in the review, guaranteeing the validity of the conclusions and their foundation in excellent research. In order to give proper acknowledgement to the original authors and prevent problems with plagiarism or misrepresentation, all studies have been properly referenced.


3.0 RESULTS
Thematic analysis approach to data analysis has provided the following findings of multiple studies which were aggregated to provide a comprehensive overview of the barriers to lithium battery manufacturing in developing countries. 
3.1 Bibliographic Analysis
The following graphs and tables analyze the number of articles with the issues in the industry and factors affecting them.

Figure 2: Frequency of Articles assessed by Source category & Region
Figure 2 shows that of the 74 peer-reviewed journal articles that were examined, 27 (36.5%) of them addressed the infrastructure and technological challenges related to the manufacturing of lithium-ion batteries in Asia and Africa. Of the articles, fourteen (18.9%) are industry reports, the majority of which concentrate on market potential and legal barriers in developing countries. Twelve (16.2%) of the articles are conference proceedings that cover global technological advancements and related problems. Reports from governments and non-governmental organizations, which account for 21 (28.4%) of the total, are mostly focused on environmental issues and provide policy recommendations for developing nations worldwide. This distribution provides a comprehensive picture of the range of issues and solutions addressed in numerous sources.

Figure 3: Number of Articles Assessed on Infrastructure Challenges
According to Figure 3, out of the 74 peer-reviewed papers that were examined, 22 (29.7%) of the papers addressed energy shortages as a significant risk to infrastructure while 15 (20.3%) and 18 (24.3%) of them focused on logistics and transportation issues and the industrial facilities, respectively. Thirteen (17.6%) of the articles discussed the need for infrastructure investment, and only six (8.1%) mentioned other infrastructure-related topics.

Figure 4: Number of Articles Assessed on Technological Issues
As seen in Figure 4, 28 (37.8%) of the 74 articles discussed technology disparity while the subject on lack of competency was covered in 19 (25.7%) of the articles. Innovation barriers were covered in 16 (21.6%) of the article while access to cutting-edge R&D was covered in nine (12.2%) of the articles, while other technological challenges were only noted in two (2.7%).


Table 2:  Policy and Regulatory Barriers
	Policy Issue
	Number of Articles
	Percentage (%)

	Inadequate Policy Support
	25
	33.8%

	Regulatory Inconsistencies
	18
	24.3%

	Environmental Regulations
	16
	21.6%

	Policy Reform Needs
	11
	14.9%

	Other
	4
	5.4%

	Total
	74
	100%


Table 2 shows that inadequate policy support was the most often mentioned subject in 25 (33.8%) of the articles covering policy and regulatory obstacles. 16 (21.6%) and 18 (24.3%) of the publications mentioned environmental limitations and inconsistent regulations, respectively. Requirements for policy reform were covered in 11 (14.9%) of the articles, while other policy issues were only referenced in 4 (5.4%) of the articles.
Table 3: Environmental Concerns
	Environmental Issue
	Number of Articles
	Percentage (%)

	Recycling Challenges
	20
	27%

	Waste Management
	18
	24.3%

	Resource Extraction Impact
	14
	18.9%

	Environmental Impact of Mining
	13
	17.6%

	Other
	9
	12.2%

	Total
	74
	100%


Table 3 demonstrates that, with 20 (27%) of the articles mentioning it, recycling issues were the most often stated environmental issue. Next, with coverage of 14 (18.9%) and 18 (24.3%), respectively, were the effects on resource extraction and waste management. The effects of mining on the environment were covered in 13 (17.6%) of the articles, while other environmental concerns were only noted in nine (12.2%) of them.



Table 4: Proposed Solutions and Strategies
	Strategy
	Number of Articles
	Percentage (%)

	Technology Transfer
	22
	29.7%

	Infrastructure Investment
	20
	27%

	Policy Reform
	16
	21.6%

	Capacity Building
	13
	17.6%

	Other
	3
	4.1%

	Total
	74
	100%


Table 4 shows that the most often recommended strategy was technology transfer, which was mentioned in 22 (29.7%) of the publications. Infrastructure investment was suggested in 20 (27%) of the articles, but capacity building and policy reform were mentioned in 16 (21.6%) and 13 (17.6%) of the articles, respectively. Other strategies were only discussed in three (4.1%) of the articles.
3.2 Infrastructural Challenges and Technological Barriers
Infrastructural deficits present significant challenges to the establishment of LIB manufacturing in Zambia. The deficits are particularly in three critical areas, namely energy shortages, outdated industrial facilities, and logistical inefficiencies [16,17]. Each of these aspects plays an important role in shaping the potential for successful manufacturing operations within the country.
Modern technological developments in Lithium-ion battery manufacturing focus on reducing material size, optimizing material usage, and lowering the manufacturing costs of the cells. Table 9 shows some of the key innovations in LIB production and processing. 
Table 5: Innovations in LIBs processing and production
	PRODUCT INNOVATION
	PROCESS INNOVATION

	Permutation
High nickel batteries
Silicon graphite anodes
Carrier materials and electrolytes
Organic
Metal mesh
Solid electrolytes
Fourth-generation batteries
Large lithium cells
Lithium anodes
	Electrode manufacturing
Extrusion
Laser drying
Cell assembly
Laser cutting
Lamination of separators
Cell finishing
Integrated product carrier concepts
Energy recovery




The aforementioned innovation technologies, as shown in Table 5, are virtually non-existent in Zambia, which poses significant obstacles to the establishment of the lithium-ion battery manufacturing industry. Barriers include the lack of facilities for enriching critical materials (such as cathode and anode terminals) [53,54], optimization of surface areas for higher charge storage rather than relying solely on high charge density materials [45] and the development of efficient lithium sieve processing techniques [46][47]. These challenges can easily impede progress in LIB manufacturing, leading to reduced product quality and limited competitiveness in the global market.
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Figure 5: Distribution of lithium-ion battery plants 2023 by global region (https://www.statista.com)

In comparison with affluent countries like Europe, America, and Pacific Asia, Figure 5 shows that Africa and the Middle East contribute zero percent of lithium plants. Zambia's technology clearly lags behind those of the top battery-producing countries [3,48].  Leading nations in the production of lithium-ion batteries have access to cutting-edge equipment, automation, technology, and sophisticated production methods that allow for effective and superior manufacturing [49–51]. Establishing a domestic LIB manufacturing sector would continue to be difficult unless Zambia can start to close this technological gap.
3.3 Policy and Regulatory Barriers
Inadequate policy support is one of the foremost challenges facing the establishment of lithium-ion battery manufacturing in Zambia. A coherent policy framework specific to the lithium-ion battery sector is crucial for stimulating investment and development[70–72]. As of now, Zambia’s approach to industrial policy lacks the specificity required to harness the growing demand for lithium-ion batteries, which are essential for electric vehicles and renewable energy storage solutions[73]. The absence of tailored incentives, such as tax breaks, subsidies, or manufacturing grants, diminishes the willingness of both domestic and foreign investors to commit capital toward battery manufacturing facilities[18,74]. Investors look for environments where government policies encourage long-term growth; without clear support, it is challenging to build a sustainable industry [84].
The current governing policies fail to adequately promote research and development activities that could potentially drive innovation within the sector [3]. Research and development (R&D) policy is necessary for technological advancements in battery efficiency and sustainability. Without a solid foundation of policy, support aimed at fostering innovation, Zambia risks falling behind other countries that are rapidly advancing in battery technology. Governments worldwide are investing heavily in R&D for energy storage, and Zambia's lack of such emphasis can result in missed opportunities for partnerships with academic institutions and private enterprises dedicated to lithium-ion technology advancements [62,75,76].
Regulatory inconsistencies also present another significant obstacle. The battery manufacturing process involves numerous regulatory requirements spanning environmental impact assessments, occupational health and safety, and production standards[77,78]. In Zambia, the lack of a standardized regulatory framework can lead to disparities between different regulatory bodies, causing bureaucratic inefficiencies. For instance, the Ministry of Mines, the Zambia Environmental Management Agency (ZEMA), Zambia Manufacturing Agency, and the Ministry of Commerce and Trade may enact differing standards for battery material sourcing, waste management, and production processes [78–81]. This fragmentation can be a deterrent for companies attempting to navigate the regulatory landscape, potentially resulting in compliance failures or prolonged project timelines.
Therefore, consistency and linked regulatory systems in the enforcement of existing regulations are equally important. A common challenge faced by manufacturers is the unpredictability in regulation adherence and enforcement across various regions [82,83]. Local authorities may interpret regulations differently, leading to variations in compliance requirements[84,85]. These inconsistencies can lead to a challenging environment for companies that operate in multiple jurisdictions within Zambia, increasing their operational risks and costs [86–90].  By prioritizing regulatory coherence and clarity, Zambia can foster a more predictable business environment for battery manufacturing, encouraging investment and operational efficiency.
Policymakers should consider how to integrate workforce development into the broader industrial policy to ensure locals have skills in preparation for the jobs that the new battery manufacturing industry can generate [100]. This requires collaboration between government agencies, educational institutions, and industry players to develop curricula that focus on relevant skills, such as engineering, production techniques, quality control, and environmental management [101,102].  It may suffice to state that addressing the policy and regulatory issues surrounding lithium-ion battery manufacturing in Zambia is crucial for establishing a competitive and sustainable industry. Fostering a coherent policy environment, creating regulatory consistency, developing balanced environmental regulations, and promoting stakeholder engagement with non-profit stakeholders could be a starting point, so that engaging external stakeholders, such as clients, in an effort to adapt to the fast-changing and highly competitive environment through innovation could be possible.

3.4 Environmental Concerns

Environmental regulations further complicate the landscape for lithium-ion battery manufacturing. While it is essential to maintain rigorous environmental standards to safeguard health and ecosystems, overly stringent regulations can discourage new manufacturing initiatives [91,92].  The lithium-ion battery production chain involves the extraction of raw materials, chemical processing, and eventual recycling, all of which have associated environmental impacts [5,93]. Therefore, the policymakers face the complex task of integrating environmental considerations within their regulatory framework while also promoting industrial growth. Balancing environmental protections and industry development requires the formulation of clear, achievable standards that address environmental concerns without imposing unreasonable burdens on manufacturers. For example, excessive restrictions on emissions during the production process may deter companies from establishing facilities in Zambia, particularly if neighbouring countries adopt favourable regulations [18,22,25]. On the other hand, vague or poorly executed regulations can lead to environmental degradation, which would harm both local communities and the country's long-term sustainability goals.
To effectively promote the lithium-ion battery industry, Zambia must engage in stakeholder consultation to ensure that all voices, including those of communities, environmental advocates, and industry representatives, are heard in the policymaking process [94–96]. Engaging stakeholders leads to more inclusive policies, which address potential community concerns about environmental impacts, while fostering positive relationships between manufacturers and local populations[97]. Furthermore, stakeholder involvement enhances public trust in the regulatory framework and facilitates smoother operational protocols for manufacturers in the region [98].  Educational and training initiatives are necessary to build local capacity for the emerging lithium-ion battery sector [99].

3.5 Energy Shortages

Zambia's energy landscape is heavily reliant on hydropower, which accounts for approximately 80% of the country's electricity generation [18,19]. While Zambia is endowed with abundant water resources, climate variability, such as droughts, has adversely affected hydropower generation in recent years. Consequently, this has led to significant energy shortages that constrain industrial growth. The demand for electricity in Zambia has been steadily increasing, driven by factors such as population growth, urbanization, mining activities, industrial expansion [20,21]and international agreements or obligations. However, supply has failed to keep pace with this rising demand, resulting in frequent power outages and load shedding, where priority is given to sectors like mining. Since 2023, Zambia has had a power deficit of about 1GW, which has significantly limited industrial operations and deterred potential investors in the LIB sector [22,23]. This shortage is particularly problematic for LIB manufacturing, which requires high voltage and continuous energy, especially for energy-intensive processes like electrochemical drying and solvent recovery, which consume nearly 47% of total energy use [25,27–29].
To address these energy shortages, Zambia must diversify its energy mix by investing in various energy resources such as nuclear, wind, and other renewables, which should augment the existing power capacity and provide a more reliable energy supply. Additionally, improving energy efficiency and reducing transmission losses are crucial for optimizing the current energy infrastructure [24]. Without a stable and sufficient energy supply, large-scale lithium-ion battery manufacturing may not be viable.

3.6 Outdated Industrial Facilities

Zambia's industrial infrastructure is largely characterised by outdated facilities established decades ago[25]. The current state of industrial facilities presents several challenges, the first being limited production capacity. 
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Figure 6: Shows world LIBs manufacturing capacity [S&P Global Market intelligence: ID 1249871]

Zambia is part is part of the rest of the world which is less than 6.8% capacity by 2025 compared to mostly developed nations listed. The Current manufacturing capabilities are often inadequate for modern battery production [31], largely because many facilities were not built to meet the precision engineering and stringent quality control required for a LIB manufacturing chain [24,32,33]. Technological obsolescence poses another challenge as insufficient investment in upgrading industrial facilities has left many factories operating with outdated machinery that cannot efficiently produce high-performance components such as lightweight anodes, cathodes, and electrolytes required for lithium-ion batteries[26,27]. This technological obsolescence not only affects product quality but also increases production costs. The outdated nature of industrial facilities also mirrors a shortage of skilled labour familiar with modern manufacturing techniques[28,29]. Addressing this gap requires training programs and educational initiatives that equip the workforce with the skills needed for advanced manufacturing.
To overcome these challenges, Zambian institutions must prioritize the modernization of the education system, which is skill-based, to provide specific, specialised human resources capable of supporting modern industries. Policy makers should also establish deliberate industrial modernisation policies that encourage investment in new technologies, enhance production processes, and promote research and development initiatives [30]. By developing a more advanced manufacturing environment, Zambia can improve its competitiveness in the global lithium-ion battery market[29,31].

3.7 Logistical Inefficiencies

Lithium supply logistical chain inefficiencies represent another critical infrastructural deficit that could hinder the Lithium-ion battery manufacturing [17,32]. The transportation and supply chain systems in Zambia face several challenges that directly affect production costs and efficiency. For instance, lithium and cobalt are highly concentrated in a few countries, such as by 2016, 53% of mined cobalt globally came from the DRC. While most refining took place in China (USGS2018; cobalt institute 2018), at the same time, most lithium for use in Zambia came from Zimbabwe, South Africa, and distant continents such as South America and Australia. Hence, the need for a reliable and well-structured supply system with adequate transportation infrastructure.
Zambia’s current transport network, which comprises limited road networks, routes, outdated railway systems, and non-strategic port access, is inadequate to support such a critical industry. Moreover, many roads are unpaved or poorly maintained, leading to delivery time delays and increase in transportation costs. While railway systems offer a more efficient means of transporting bulk materials, Zambia’s railway infrastructure suffers from outdated infrastructure and limited route coverage, restricting access to key industrial zones. This situation contributes to high transportation costs and time losses, further compounded by complex international and domestic trade policies [36]. This is particularly concerning for the lithium-ion battery industry, where the supply chain involves transporting raw materials and components from various critical regions such as Congo (DRC), China,[38–40]. Figure 7 depicts DRC as a major source of cobalt a neighboring country to Zambia, but the material is shipped overseas for processing and then returned in the form of a finished product. This could present opportunities for Zambia’s LIB industry if strategically enacted.

Figure 7: Cobalt Reserves Estimates (Mining Connection, 2022)
High logistics costs due to imported processed materials can deter investment and make Zambian products less competitive in the global market. Furthermore, supply chain fragmentation exacerbates these logistical challenges; the lack of a cohesive and integrated supply chain system along with the absence of reliable suppliers for critical materials such as lithium, phosphates, manganese, graphite, and cobalt, can lead to disruptions in production and delays in bringing products to market on demand[41]. Establishing strong partnerships with suppliers and improving supply chain management practices are, therefore, essential to mitigate these risks. 
To address logistical inefficiencies, Zambia must invest in upgrading its transportation infrastructure, streamline customs procedures at strategic points, establish additional dry ports or inland ports and inland border processing facilities to enhance supply chain coordination [41–43]. More logistics partnerships, such as the Lobito corridor, could increase supply chain routes for Lithium and other products.  By improving its logistical capabilities, Zambia, despite being landlocked but advantageously located within Southern Africa, can facilitate the establishment of a competitive lithium-ion battery manufacturing industry.  This, in turn would contribute significantly to industrial and economic growth, regional trade integration, and job creation for its citizens [44]

3.8 Electrode manufacturing technology
Electrode manufacturing requires precision engineering and stringent quality control measures such as depicted in Figure 8.
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Figure 8: The electrode foil production. Source: (Heiner Heimes, Achim Kampker, Christoph Lienemann, Marc Locke: Lithium-ion Battery Cell Production Process. https://www.researchgate.net/publication/330902286)
In the electrode manufacturing technology, the line pressure determines the porosity of the coated material, which influences the wetting properties of the electrodes and consequently the energy density of the cell, which is critical for ensuring stable power output.  If the line pressure is set too high, a squeezing process occurs, which leads to stress cracks.  Cleanliness of rollers is also essential and crucial for preventing foreign particles from penetrating the substrate material.  Zambia, thus, requires evolving electrode manufacturing technology supported by sustained financial and research investment.  Furthermore, Zambia's limited access to advanced technologies capable of producing non-corroding battery terminal materials [52,53] creates a competitive disadvantage.
The establishment of industries capable of handling nanotechnology is essential to enable Zambia to produce batteries that meet international quality and performance standards. Energy storage systems are increasingly important in modern society due to inadequate energy supply, and hence increased demand for storage systems significantly influences the LIB industry.  However, the non-availability of established manufacturing technologies makes it challenging for Zambia to attract investments from global stakeholders who prioritize cutting-edge production capabilities [54–56]
Another critical barrier is the shortage of expertise in battery manufacturing and related fields.  Producing lithium-ion batteries requires a highly specialized workforce with skills in material science, Nano-technology, electrochemistry, and engineering, as well as expertise in advanced production techniques such as material coating, cell assembly, and quality control [57,58]. 
Advanced technologies such as lithium ions sieving materials (LISs), adsorption techniques, which offer high lithium selectivity and adsorption capacity with low energy consumption, while ensuring environmental protection and safety at stake is still far-fetched in Zambia [67].  The country currently faces a shortage of trained professionals in these areas, which necessitates reliance on imported expertise or costly training programs, limiting sustainability.  For instance, understanding the lifespan of materials used in LIBs is critical but currently constrained by insufficient local workforce development and institutional support [59].
Barriers to innovation and research, and development (R&D) further compound these challenges. R&D plays a vital role in the lithium-ion battery sector, as it drives advancements in battery efficiency, cost reduction, and environmental sustainability while also enabling the development of locally tailored technologies.  However, Zambia's R&D capacity in this field is constrained by inadequate funding, insufficient infrastructure, and weak collaboration between academia, industry, and government [60–62]. State of the art laboratories equipped with battery testing and development tools are scarce and few higher learning institutions are engaged in international collaborations to develop local battery technologies [63,64]. These limitations stifle the ability of local researchers to develop and adapt technologies to meet the specific needs of LiB's market and resources [65].
Additionally, the lack of supportive policies and incentives for technological innovation poses a significant hurdle. Countries that dominate the lithium-ion battery industry often benefit from government-backed programs, which include grants for R&D, tax incentives for technology investments, and subsidies for pilot projects [66,67].  Zambia's current policy framework offers limited targeted support, making it difficult for start-ups and existing firms to invest in technological advancements necessary for the industry’s growth.
Collectively, these technological barriers present a formidable challenge to Zambia's ambitions of establishing a competitive lithium-ion battery manufacturing industry.  Overcoming them will require strategic investment in technology transfer, skills development, and R&D infrastructure, along with the creation of a supportive policy environment that encourages innovation and facilitates collaboration among key stakeholders [68,69].
3.9 International Trade Tensions
Minerals such as lithium, graphite, nickel, and cobalt demand is exponentially increasing due to the current emphasis on green energy. Therefore, green energy technologies alone could demand up to 40 times as much lithium as they did in 2020 [103–105]. This transition to sustainable energy is highly dependent on the availability of the necessary metals for batteries, a source of energy for modern electronics such as smartphones, electric vehicles and green energy storage systems. Unfortunately, nearly 80% of the world's cobalt reserves are held by the Democratic Republic of the Congo (DRC), but China controls the majority of the cobalt refining industry, accounting for 70–80% of it and more than half of the worldwide battery market. This brings about supply chain concerns. The concerns arise from trade disputes between key lithium-producing and lithium-consuming nations. For instance, tariffs and other trade restrictions strain the relationship between the United States, a major consumer of lithium, and China, a significant producer and processor of the metal. These conflicts may result in delays in the delivery of lithium to important markets, higher expenses, and interruptions in the supply chain. Hence, Zambia needs to play a role by having cordial relationships with these countries [106].

Discussion	
The establishment of lithium-ion battery manufacturing in Zambia brings to the forefront several environmental concerns, particularly regarding recycling challenges and the impact of resource extraction[76,100,107]. As the demand for lithium-ion batteries increases, so does the urgency to address the lifecycle management of these batteries, especially in terms of recycling. Currently, Zambia lacks a robust recycling infrastructure specifically designed for lithium-ion batteries [16,24,74,108–110] For example, there is minimal, if not any, sensitisation on the disposal of gadgets that use lithium batteries such as phones [111] Most batteries are disposed of on land, which poses significant environmental risks due to the hazardous materials they contain, such as lithium, cobalt, and nickel. These substances can leach into the soil, later plants, and groundwater, leading to potential contamination of local ecosystems and posing health risks to communities [112–115].
The recycling of lithium-ion batteries is complex and requires specialized processes to recover valuable materials efficiently [5,27,77,92].  Currently, the recycling practices in Zambia are minimal and not lithium product-oriented because lithium batteries should never be disposed of like any other household materials. Due to a lack of specialised recycling of direct products like copper, aluminium, graphite, steel, Nickel Magnesium Cobalt Oxide (NMC) combination, electrolyte solvents and salts are wasted (Shannon et la 2024) as shown in Figure 9.

Figure 9: The recycling flowchart
In terms of employment, technology, environmental preservation, and economic values, Zambia could benefit greatly from processing LIBs, as shown in the recycling flowchart in Figure 6. This would promote sustainable LIB management to reduce critical finite elements over mining and eco-friendly recovery of elements using direct lithium extraction methods or others [116]. The negative impacts on biodiversity and humans have been demonstrated by environmental impact assessments in Figure 10. Thus, recycling technology fosters LIB industry growth.

[image: C:\Users\Lenovo\Downloads\Untitled (5).png]
Figure 10: Schematic Representation of Sustainable Lithium-Ion Battery Management and Environmental Impact Assessment
The recycling systems presently are not aligned with best practices observed in developed markets. This gap in recycling capabilities also exacerbates environmental degradation and could result in the loss of potentially valuable resources, which are essential in battery production [5,27,77].  Developing a comprehensive recycling strategy that includes the collection, transportation, and processing of used batteries is essential. This strategy should involve public awareness campaigns to educate consumers about the dangerous elements in batteries, such as lithium cobalt oxide, if not taken care of [117,118]. Hence, the a need for proper disposal methods and to incentivize the recycling of batteries [27,92]. Furthermore, collaboration with international recycling firms could provide the technical expertise and investment necessary to establish a functional recycling ecosystem in Zambia.  Looking to the future, the outlook for recycling in Zambia could improve with the implementation of supportive policies and investment in the technology [119].  By adopting circular economy principles, Zambia can work towards creating a sustainable model where battery materials are continuously recycled.  Hence, reducing the need for excessive new resource extraction and minimizing environmental impacts [74,120].  This could help reduce depletion of minerals through excessive mining [131,132].  Investments in research and development of innovative recycling technologies could also enhance the efficiency and effectiveness of battery recycling processes.  Establishing partnerships with academic institutions, industry, and private sector players can facilitate knowledge transfer and capacity building in the recycling sector [27,121,122].
Another critical environmental concern associated with lithium-ion battery manufacturing is the impact of resource extraction. The production of lithium-ion batteries requires the extraction of various raw materials, including lithium, cobalt, and nickel, which have significant environmental and social implications [123,124]. In Zambia, the mining of these minerals often occurs in regions that are ecologically sensitive, leading to habitat destruction, soil erosion, and water pollution [125].  The mining processes can disrupt local ecosystems and threaten biodiversity, particularly in areas where mining activities are not properly regulated [126,127]  Additionally, the social implications of resource extraction cannot be overlooked. Communities living near mining operations may experience negative impacts such as displacement, loss of livelihoods, and health issues due to exposure to pollutants[128,129].
Moreover, assessment of the toxicological and environmental impact of lithium batteries should have a holistic scope to precede and guide the introduction of appropriate safety measures.it is essential to stay informed about the potential hazards and advancements in battery technology by prioritising safety and adopting best practices, which can contribute to a safer and more sustainable future. Most electrolytes in LIBs are organic liquids that are both mildly toxic and irritating when they come in contact with the eyes, and the inhaled vapours may cause nausea, vomiting, or headaches. Overexposure to lithium hexafluoride salts affects the digestive, circulatory, respiratory, bone, and nervous systems in various ways. Lack of transparency and community engagement in mining projects can lead to conflicts between mining companies and local populations. Ensuring that mining practices are sustainable and socially responsible is crucial for mitigating these impacts. This includes implementing stringent environmental assessments, engaging with local communities in decision-making processes, and ensuring that benefits from resource extraction are shared equitably with affected populations [130,131].
To address these environmental concerns, Zambia must adopt a holistic approach that encompasses both the manufacturing and resource extraction phases of the lithium-ion battery lifecycle. This approach should involve the development of comprehensive environmental regulations that govern mining activities and battery production. Regulations should focus on minimizing environmental degradation, promoting responsible resource management, and ensuring that social impacts are addressed effectively[132,133]. Moreover, fostering collaboration between government, industry, and civil society can enhance accountability and ensure that environmental and social considerations are integrated into all aspects of the lithium-ion battery supply chain. Prioritizing recycling initiatives and ensuring responsible resource extraction practices, Zambia can work towards creating a sustainable lithium-ion battery industry that benefits both the environment and local communities.

Conclusion
This study concludes that Zambia's strategic location in a mineral-rich region provides a unique chance to create a lithium-ion battery manufacturing industry, improve economic growth, and encourage the global shift to renewable and green energy sources. Nevertheless, achieving this potential requires a holistic approach that addresses the major difficulties that the sectors face. These problems include, among others, a lack of regulatory backing, inadequate infrastructure, and environmental concerns about resource exploitation, recycling, and waste disposal. The study has underlined the importance of updating industrial infrastructure to improve production capacities, increase energy resources and ensure supply stability. Funding skills development through targeted training efforts can encourage and transfer workers, hence improving local innovation and sustainability in the LIB industry.
Furthermore, fostering international collaboration and partnerships to provide key expertise in resource management would result in a stable supply chain for critical commodities. Similarly, enacting comprehensive legislative measures, particularly for the lithium-ion battery industry, can boost growth and investment in LIBs while limiting the effects of climate change on energy supply. To mitigate environmental consequences and bring the industry in line with global sustainability standards, it is critical to implement sustainable practices that prioritize environmental stewardship and sustainable development, as well as the necessary strategies. Zambia may successfully navigate the hurdles of developing this critical sector by focusing on these guidelines and fostering stakeholder participation thereby transforming obstacles into opportunities.
3.10 Recommendations
First, among the strategies for improvement in infrastructure development should include the upgrading of existing power generation facilities, diversifying energy sources, and investing in energy projects such as solar, nuclear, and hydroelectric power generation. Given Zambia's abundant solar resources, harnessing solar energy can not only provide a sustainable power source for battery manufacturing but also contribute to reducing the carbon footprint of the industry[137]. The government should consider using the public-private partnerships model in energy infrastructure investment and development. This can ensure that the energy needs of the lithium-ion battery sector, as well as mining, are readily available at the same time, benefiting the broader economy. Modernizing industrial facilities can enhance Zambia's manufacturing capabilities in the lithium-ion battery sector. Thus, existing manufacturing needs significant upgrades to meet the technological demands of battery production. This may include investing in advanced machinery, automation technologies, and quality control systems to ensure products meet international standards [138–141].
Second, policymakers can play a pivotal role by providing incentives for manufacturers to modernize their facilities, such as giving tax breaks (holidays) for specific projects or grants for capital investments. There is a need to establish technology parks or industrial clusters in the southern part of the country with the fewest industries dedicated to the battery manufacturing system. This can facilitate knowledge sharing and innovation among companies leading to improved manufacturing processes and product quality. Facilitating technology transfer is essential for fostering collaboration between local manufacturers and global industry leaders. Developing partnerships with established companies in the lithium-ion battery sector provides manufacturers with access to advanced technologies, production techniques, and best practices.
Third, policymakers can also focus on developing a comprehensive industrial policy that outlines clear objectives, incentives, and regulations tailored to the battery-manufacturing sector. Recommendations for policy reforms may include establishing a dedicated regulatory framework for lithium-ion battery production, providing tax incentives for investments in clean technologies, and simplifying the permitting process for new manufacturing facilities[153,154]. Additionally, fostering stakeholder engagement in the policy-making process can ensure that the voices of industry players, environmental advocates, and local communities are considered, leading to balanced and effective policies [155–157]. Promoting vertical integration supply chain strategies so that local companies are involved in mineral processing to the final product of battery making will help the supply chain to be accessible and reduce costs.
Fourth, by engaging with international organizations, industry associations, and foreign governments, Zambia can access resources, expertise, and markets that can enhance its manufacturing capabilities. More initiatives, such as trade missions, investment forums, and bilateral agreements, can facilitate knowledge exchange and foster relationships with key players in the global battery supply chain. Additionally, participating in international research collaborations will position Zambia as a competitive player in the lithium-ion battery market, attracting further investment and innovation.  By addressing these recommendations, Zambia can develop a robust framework for establishing a successful lithium-ion battery manufacturing industry that not only meets domestic needs for southern Zambia but also positions the country as a key player in the global market.
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