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[bookmark: _Toc230028534]ABSTRACT
Malawi’s urban cooking sector remains heavily dependent on charcoal, a fuel associated with deforestation, high greenhouse gas (GHG) emissions, severe indoor air pollution, and systemic energy inefficiency. Despite growing interest in ethanol as a cleaner alternative, limited nationally contextualized Life Cycle Assessment (LCA) evidence has been available to guide policy and investment decisions. This study conducted a comprehensive comparative LCA of molasses-based ethanol and charcoal using secondary data representative of Malawi’s production systems and supply chains. The functional unit was defined as 1 MJ of useful cooking energy delivered, enabling standardized comparison across the full life cycle from feedstock sourcing and processing to distribution and end-use combustion. 
The results demonstrate that charcoal generates 0.28 kg CO₂-eq per MJ, nearly five times higher than ethanol at 0.06 kg CO₂-eq per MJ. Charcoal also produces substantially higher indoor air pollutants, emitting 210 mg of PM₂.₅ and 1150 mg of carbon monoxide per MJ, compared to 18 mg and 70 mg respectively for ethanol. These differences represent reductions exceeding 80–90% in key health-damaging pollutants when households transition to ethanol. Cumulative energy demand analysis further revealed that charcoal requires 4.29 MJ of primary energy to deliver 1 MJ of useful cooking energy, while ethanol requires only 1.52 MJ, confirming charcoal’s structural inefficiency due to low kiln efficiency (8–15%) and high biomass losses. Critically, charcoal production contributes approximately 1.7 m² of forest loss per MJ, directly linking it to deforestation and reduced carbon sequestration capacity, whereas ethanol derived from molasses, a sugar-processing by-product has no attributable land-use burden within Malawi’s context.
The findings confirm that charcoal’s environmental impacts are ecological, cumulative, and difficult to mitigate, while ethanol’s impacts are industrial, centralized, and technologically manageable. Even when accounting for processing energy inputs and transport emissions, ethanol remains significantly cleaner and more sustainable across all assessed indicators. The study therefore concludes that ethanol represents a viable and strategically important clean cooking alternative for Malawi’s urban households. Accelerating ethanol adoption through supportive policies, fiscal incentives, distribution expansion, and public awareness initiatives could substantially reduce climate impacts, improve household air quality, and alleviate pressure on forest resources.
Keywords: Life Cycle Assessment (LCA), Ethanol Fuel, Charcoal, Clean Cooking, Greenhouse Gas Emissions, Indoor Air Pollution, Cumulative Energy Demand, Land-Use Change, Malawi and Sustainable Energy Transition.

[bookmark: _Toc230028535]LIST OF ACRONYMS
Acronym	Full Meaning
CO:	Carbon Monoxide
CO₂:	Carbon Dioxide
CED:	Cumulative Energy Demand
CH₄:	Methane
ETP:	Effluent Treatment Plant
FAO:	Food and Agriculture Organization
GHG:	Greenhouse Gases
IPCC:	Intergovernmental Panel on Climate Change
IAP:	Indoor Air Pollution
LCA:	Life Cycle Assessment
MJ:	Megajoule
PM₂.₅:	Fine Particulate Matter (2.5 micrometres)
SET:	Sustainable Energy Transition
WHO:	World Health Organization
[bookmark: _Toc230028536]CHAPTER ONE
[bookmark: _Toc230028537]INTRODUCTION AND BACKGROUND OF STUDY
[bookmark: _Toc230028538]1.0 Introduction  	Comment by Kenneth Gondwe: should be 1.1
Cooking energy is a fundamental household requirement and a significant determinant of public health, environmental sustainability, and economic resilience in many developing countries, including Malawi. In urban areas, the choice of cooking fuel has far-reaching implications, influencing deforestation rates, greenhouse gas (GHG) emissions, household expenditure patterns and the health of populations exposed to indoor air pollution (IEA, 2022). Malawi’s household energy landscape is overwhelmingly dominated by biomass fuels, a situation that continues to place significant pressure on the country’s forest resources. According to the Government of Malawi (2021), approximately 88% of households rely on firewood and charcoal as their primary cooking energy sources, while only 2–3% use modern clean fuels such as LPG, biogas, and ethanol. Urban areas in particular exhibit a strong dependence on charcoal, which accounts for about 76% of all cooking fuel used in cities (Forestry Department, 2021). This fuel choice has contributed to accelerated deforestation, with an estimated 33,000 hectares of forest lost annually, largely driven by unsustainable charcoal production and harvesting (Government of Malawi, 2021). These figures demonstrate the heavily skewed structure of Malawi’s energy mix and highlight the urgent need to evaluate the sustainability of alternative fuels such as ethanol. By incorporating current, data-backed statistics, the introductory section provides an accurate and authoritative foundation for the study.	Comment by Kenneth Gondwe: Government of Malawi is usually the author, the Department considered as the publisher	Comment by Kenneth Gondwe: I suggest you use “evidence-based” – it is difficult to measure “accuracy and authoritative” based on references. Most of the reports we sometimes cite are not peer-reviewed
[bookmark: _Toc230028539]1.1 Background of the Study
Recent national statistics indicate that over 80% of Malawi’s total energy consumption is derived from biomass sources, with urban areas relying predominantly on charcoal while rural areas depend on firewood (National Statistical Office [NSO], 2020). In cities like Lilongwe, Blantyre, Mzuzu and Zomba, charcoal remains the preferred fuel due to its relative affordability, ease of storage, and availability in informal markets. However, the production and consumption of charcoal are major contributors to environmental degradation, particularly deforestation and forest degradation, which collectively account for an estimated 2.8% annual forest cover loss in the country (Chidumayo & Gumbo, 2020). Traditional charcoal production methods, often involving earth-mound kilns with low conversion efficiency (10–20%), release significant amounts of carbon dioxide (CO₂), methane (CH₄) and carbon monoxide (CO), thereby exacerbating climate change and air quality deterioration (Zulu et al., 2021).	Comment by Kenneth Gondwe: probably “perceived” would be more appropriate term.  Charcoal is not necessarily cheaper than other energy sources- people think it is cheap because of the way it is supplied- convenient pack sizes, available in most areas etc
From a public health perspective, the combustion of charcoal in poorly ventilated cooking environments is a major source of indoor air pollutants, including fine particulate matter (PM₂.₅) and black carbon, which are linked to respiratory illnesses, cardiovascular diseases and premature mortality (World Health Organization [WHO], 2021). Globally, household air pollution from solid fuel use is estimated to cause 3.2 million premature deaths annually, with sub-Saharan Africa bearing a disproportionate share of the burden (WHO, 2022). In Malawi, epidemiological studies have shown elevated respiratory health risks among women and children, groups that spend the most time near cooking areas highlighting the urgent need for cleaner cooking solutions (Jimu et al., 2020).	Comment by Kenneth Gondwe: is it possible to tabulate the information on comparative particulate and gaseous emission for the fuels of interest.
Ethanol fuel, produced from renewable biomass feed-stocks such as sugarcane, maize and cassava residues, has emerged as a viable alternative to charcoal for household cooking in Malawi (Bailis et al., 2020). Locally produced ethanol offers multiple potential benefits: it can reduce dependence on imported fossil fuels, create rural employment in feedstock cultivation and processing and significantly lower household exposure to harmful pollutants. Ethanol cook-stoves, when properly designed and maintained, can achieve thermal efficiencies of 50–60%, compared to the 15–25% efficiency typical of traditional charcoal stoves (Njenga et al., 2021). Furthermore, ethanol combustion emits negligible particulate matter and substantially lower GHG emissions per unit of useful heat delivered, especially when produced from waste biomass streams (Bailis et al., 2020).
It is important to note that fuels undergo different pathways from production, transportation, usage and disposal with each stage have positive and negative impacts.  It is practically impossible to rate one fuel cleaner than the other based on opinion or guess work alone.  The preferred fuel option should, therefore, be on holistic quantitative evaluation of the intended and unintended impacts along its full resource extraction to disposal value chain..  This is referred to as life cycle assessment (LCA). The concept of  Life Cycle Assessment (LCA) offers a robust framework for evaluating the environmental performance of ethanol relative to charcoal. LCA examines the full supply chain impacts of each fuel from resource extraction through processing, transportation, use and disposal providing a “cradle-to-grave” perspective on energy choices (ISO, 2006; Hauschild et al., 2018). For charcoal, this includes deforestation, carbonization processes and emissions from transport and end-use combustion. For ethanol, the system boundary would encompass feedstock cultivation, fermentation and distillation, distribution and stove use. By quantifying and comparing the environmental impacts of these fuels across multiple categories such as global warming potential, human toxicity, particulate matter formation and land use LCA enables evidence-based decision-making for policymakers, development partners and private sector actors.	Comment by Kenneth Gondwe: This could be covered in literature review or methodology sections
International experience demonstrates the potential of ethanol as a household fuel. In Brazil, the widespread adoption of ethanol for cooking has been facilitated by strong government support, favorable pricing and established production infrastructure linked to the sugar industry (Smeets et al., 2014). In Kenya and Ethiopia, donor-supported ethanol stove programmes have shown promising results in reducing indoor air pollution and fuel costs for households, although challenges remain in ensuring sustainable supply chains and overcoming initial capital barriers (Clean Cooking Alliance, 2021). In Malawi, ethanol production capacity exists through facilities such as EthCo in Dwangwa and PressCane in Chikwawa, primarily serving the transport fuel sector through ethanol–petrol blends. However, the diversion of a portion of this ethanol to the household energy market could accelerate the transition toward cleaner cooking, provided that production is scaled sustainably and distribution networks are developed (Malawi Ministry of Energy, 2021).	Comment by Kenneth Gondwe: Present names in full when introduced for the first time.
The Ggovernment of Malawi has recognized the need to transition to clean cooking solutions, as reflected in its Malawi National Energy Policy (2018), which prioritizes the promotion of modern biofuels, improved cook-stoves and LPG. The policy emphasizes environmental protection, reduction of health risks associated with traditional fuels and alignment with the country’s commitments under the Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate Action). However, implementation has been slow, hindered by limited financing, inadequate market incentives and weak enforcement of environmental regulations related to charcoal production (Zulu & Richardson, 2019). A comparative LCA study focused on Malawi’s urban cooking sector can generate empirical evidence to inform these policies, guide donor investments and shape public awareness campaigns.
TIn short, the current cooking fuel landscape in Malawi’s urban areas presents both a significant environmental challenge and an opportunity for sustainable transformation. Charcoal’s dominance exacts a heavy toll on forests, air quality and human health, while ethanol offers a cleaner, renewable alternative with potential socio-economic co-benefits. By employing an LCA approach, this study will provide a comprehensive, quantitative comparison of the two fuels, thereby contributing to policy debates, academic knowledge and practical interventions aimed at advancing Malawi’s clean cooking agenda.
[bookmark: _Toc230028540]1.2 Problem Statement and Justification
Despite decades of policy discourse and international advocacy for clean cooking solutions, Malawi’s urban households remain heavily dependent on charcoal as their primary cooking fuel. According to the National Statistical Office (NSO, 2020), approximately 68% of urban households in Malawi use charcoal daily, while only a negligible proportion have adopted cleaner alternatives such as LPG, or electricity. This entrenched reliance on charcoal persists even in the face of mounting evidence on its detrimental environmental, health and economic consequences (Zulu & Richardson, 2019; Chidumayo & Gumbo, 2020).	Comment by Kenneth Gondwe: Rather too long.  Should not be longer than a page at most
The background contains most of the “justification”points.  Here just provide evidence-based problem statement”
Despite the dominance of unsustainably produced charcoal in Malawi’s urban markets, recent policy reforms have led to the emergence of registered sustainable charcoal producers operating under licenses issued by the Forestry Department. These producers utilize managed plantations and improved carbonization technologies that offer higher conversion efficiencies and reduced environmental impacts compared to traditional earth-mound kilns (Forestry Department, 2021). However, their contribution remains small supplying less than 10% of total market demand—while the informal sector continues to account for the majority of charcoal consumed in urban areas. As a result, large-scale deforestation, forest degradation, and associated carbon emissions persist, threatening Malawi’s environmental stability and national climate commitments. This study therefore acknowledges the presence of sustainable producers but recognizes that their current scale is insufficient to offset the extensive environmental impacts associated with conventional charcoal production. Moreover, the traditional earth-mound kilns used in most charcoal production in Malawi are highly inefficient, resulting in substantial greenhouse gas (GHG) emissions per unit of useful energy delivered (Zulu et al., 2021). This situation conflicts with Malawi’s commitments under the Paris Agreement to reduce GHG emissions and enhance climate resilience.
From a public health perspective, the continued use of charcoal in poorly ventilated kitchens exposes millions of urban residents especially women and children to high levels of indoor air pollutants. Fine particulate matter (PM₂.₅), carbon monoxide (CO) and black carbon emitted from charcoal stoves have been directly linked to acute respiratory infections, chronic obstructive pulmonary disease (COPD), cardiovascular problems and premature mortality (WHO, 2022). The Global Burden of Disease study attributes a significant proportion of Malawi’s respiratory disease burden to household air pollution from solid fuels (GBD Collaborative Network, 2020). The health impacts translate into lost productivity, increased healthcare costs and reduced quality of life, further entrenching cycles of poverty.
Economically, the urban charcoal trade operates largely informally, with limited regulation and taxation, leading to revenue losses for the government and perpetuating unsustainable harvesting practices (Malawi Ministry of Energy, 2021). Consumers also face price volatility due to supply constraints, particularly during the rainy season when charcoal production declines. The long-term economic costs of environmental degradation, health impacts and lost opportunities for cleaner energy development far outweigh the perceived short-term affordability of charcoal (Bailis et al., 2020).
Ethanol has emerged as a viable alternative that could address many of these challenges. It can be produced domestically from renewable feed-stocks such as sugarcane molasses, cassava and maize residues, potentially reducing import dependence, creating rural employment and generating value-added by-products. Ethanol stoves, when used correctly, emit negligible particulate matter and lower GHG emissions, while offering higher thermal efficiencies compared to traditional charcoal stoves (Njenga et al., 2021). However, despite its potential, ethanol’s penetration into Malawi’s household energy market remains minimal. Barriers include limited production capacity dedicated to household fuel, lack of widespread distribution networks, initial stove costs and consumer unfamiliarity with the fuel (Clean Cooking Alliance, 2021).
Important gap in the policy and research landscape is the absence of a comparative, context-specific, cradle-to-grave assessment of the environmental performance of ethanol versus charcoal in Malawi’s urban settings. While anecdotal evidence and isolated pilot studies suggest ethanol’s superiority in terms of emissions and health outcomes, there is a lack of rigorous, quantitative and holistic analysis using the Life Cycle Assessment (LCA) methodology. LCA offers the ability to evaluate not only direct combustion emissions but also upstream and downstream impacts, including feedstock cultivation, fuel processing, transportation, and stove use efficiency (Hauschild et al., 2018). Without such evidence, policymakers, investors and development agencies are left to make decisions based on incomplete or fragmented data. Therefore, the core problem this study addresses is the lack of comprehensive, empirical evidence comparing the full life cycle environmental impacts of ethanol and charcoal as cooking fuels in Malawi’s urban areas. This gap hampers evidence-based policy formulation, slows the adoption of cleaner fuels and perpetuates the environmental, health and socio-economic costs associated with charcoal dependence. By conducting a detailed comparative LCA, this research seeks to provide the robust data needed to guide Malawi’s transition toward a more sustainable and equitable urban cooking energy system.
[bookmark: _Toc230028541]1.3 Purpose of the Study	Comment by Kenneth Gondwe: main objective articulates the purpose
This study aims to evaluate comparative life cycle assessment (LCA) of ethanol versus charcoal for cooking in Malawi’s urban areas. 
[bookmark: _Toc230028542]1.4 Research Objectives
[bookmark: _Toc230028543]1.4.1 Main Research Objectives
To quantify and compare the cradle-to-grave environmental impacts of ethanol and charcoal when used as cooking fuels in Malawi’s urban households, using the Life Cycle Assessment (LCA) methodology.
[bookmark: _Toc230028544]1.4.2 Specific Research Objectives
Specifically, study intend to:
i. To identify the critical variables and associated factors that influence the environmental performance of ethanol and charcoal cooking fuel systems.
ii. To map and model the life cycle stages from feedstock extraction or cultivation through processing, distribution and end-use combustion of ethanol and charcoal in Malawi’s urban cooking sector using a standardized LCA framework.	Comment by Kenneth Gondwe: The good practice to have one active verb per objective
iii. To assess and compare key environmental impact indicators, including greenhouse gas emissions (CO₂, CH₄, N₂O), cumulative energy demand, air pollutant emissions (PM₂.₅, CO, black carbon) and land-use change for ethanol and charcoal using validated secondary datasets.	Comment by Kenneth Gondwe: One active verb per specific objective
iv. To evaluate the implications of the comparative LCA results and develop evidence-based recommendations for policymakers, NGOs and private-sector actors to support the sustainable adoption of cleaner cooking fuels in Malawi’s urban areas.
[bookmark: _Toc230028545]1.5 Research Questions
This study seeks to answer the following research questions:
i. What are the critical variables and associated factors that determine the environmental performance of ethanol and charcoal as cooking fuels in Malawi’s urban areas?
ii. How do the life cycle stages of ethanol and charcoal from feedstock extraction or cultivation through processing, distribution, and end-use combustion compare when modelled under a standardized LCA framework?
iii. What differences exist in the environmental impact indicators of ethanol and charcoal, including GHG emissions (CO₂, CH₄, N₂O), cumulative energy demand, air pollutant emissions (PM₂.₅, CO, black carbon), and land-use change?
iv. What evidence-based recommendations can be derived from the comparative LCA results to guide policymakers, NGOs, and private-sector actors in advancing cleaner and more sustainable cooking fuel adoption in Malawi’s urban areas?
[bookmark: _Toc230028546]1.6 Significance of the Study 
The significance of this study lies in its potential to address important environmental, public health and socio-economic challenges associated with household energy use in Malawi’s urban areas. By applying the Life Cycle Assessment (LCA) methodology to compare ethanol and charcoal, the research will generate empirical evidence to guide decision-making by policymakers, development partners and private sector stakeholders. The study’s importance can be understood across four interrelated dimensions: environmental sustainability, public health, socio-economic development and policy alignment.	Comment by Kenneth Gondwe: Please number the subheading i, ii, iii, etc
Environmental Sustainability: Charcoal production and use are major drivers of deforestation and forest degradation in Malawi, with the Forestry Department (2021) estimating an annual forest loss of 2.8%. Deforestation contributes to biodiversity loss, soil erosion, and reduced carbon sequestration, while also exacerbating the effects of climate change through increased greenhouse gas (GHG) emissions (Chidumayo & Gumbo, 2020). By quantifying the full life cycle emissions of charcoal and ethanol, this study will provide a robust evidence base for promoting cleaner alternatives that reduce environmental damage.
Ethanol, especially when produced from agricultural residues such as sugarcane bagasse or maize stalks, offers the potential for near-carbon-neutral energy production (Bailis et al., 2020). Understanding its comparative environmental footprint will help identify scenarios where ethanol can deliver maximum environmental benefits, including reduced GHG emissions, lower particulate matter formation and sustainable land use. This aligns with Malawi’s National Energy Policy (2018), which prioritizes sustainable bioenergy development.
Public Health Improvement: Household air pollution from charcoal combustion exposes millions of Malawians particularly women and children to harmful pollutants such as fine particulate matter (PM₂.₅) and carbon monoxide (CO) (WHO, 2022). These pollutants are linked to acute and chronic respiratory diseases, cardiovascular conditions, and premature mortality (Jimu et al., 2020). The World Health Organization (2021) recognizes clean cooking fuels as an important intervention for achieving public health targets under the Sustainable Development Goals (SDG 3: Good Health and Well-being). By comparing indoor air emissions from ethanol and charcoal combustion, this study will provide quantitative data on potential health benefits associated with ethanol adoption. Such evidence will be crucial for public health advocacy and for integrating clean cooking initiatives into national health strategies.
Socio-economic Development: The charcoal value chain in Malawi is largely informal, limiting its capacity to contribute to formal employment, tax revenue and regulated forest management (Malawi Ministry of Energy, 2021). In contrast, ethanol production can stimulate formal economic activities through feedstock cultivation, processing and distribution. Ethanol production from local biomass can create rural employment opportunities, diversify farmers’ income sources and reduce dependence on imported fossil fuels (Zulu & Richardson, 2019). This research will assess not only environmental but also socio-economic trade-offs of transitioning to ethanol. By identifying viable policy and investment pathways, the study will contribute to national development objectives, including Job Creation, Poverty Reduction and Industrial Growth, as outlined in Malawi’s Vision 2063.
Policy Alignment and Evidence-based Decision-making: While Malawi’s energy policy framework acknowledges the importance of clean cooking, implementation has been slow (National Energy Policy, 2018). The lack of life cycle data for ethanol and charcoal limits the ability of policymakers to design targeted incentives, subsidies, or regulations that promote sustainable fuels. By delivering a comprehensive cradle-to-grave environmental performance comparison, this study will bridge that knowledge gap, enabling:
· Policymakers to design evidence-based interventions for clean cooking promotion.
· NGOs and donor agencies to target resources effectively toward high-impact solutions.
· Private sector actors to identify investment opportunities in ethanol production and distribution.
Contribution to Academic Knowledge: From an academic perspective, this research will contribute to the literature on sustainable energy transitions in sub-Saharan Africa, with a specific focus on LCA applications in cooking energy. While LCA studies on transport fuels and industrial processes are relatively common, there is limited scholarly work applying LCA to household cooking fuels in Malawi. The findings will thus provide a reference point for future research and academic discourse. In short, the study’s significance stems from its potential to produce actionable insights that advance Malawi’s clean cooking agenda, improve health outcomes, stimulate sustainable economic growth and strengthen environmental stewardship. 
[bookmark: _Toc230028547]1.6 Scope and Delimitations of the Study
The scope of this study is determined by the focus on the comparative life cycle environmental impacts of ethanol and charcoal as household cooking fuels in Malawi’s urban areas.
Thematic Scope: This research will be anchored on the principles of Life Cycle Assessment (LCA), adopting a cradle-to-grave perspective. The thematic coverage will include:
· Mapping the life cycle stages of charcoal (wood harvesting, carbonization, distribution and combustion) and ethanol (feedstock cultivation, processing, distribution, and combustion).
· Quantitative assessment of environmental indicators including greenhouse gas emissions, cumulative energy demand, air pollutant emissions (PM₂.₅, CO) and land use change impacts.
· Comparative analysis of stove performance and efficiency between ethanol and charcoal under typical Malawian urban household cooking conditions. 
· Exploration of alternative scenarios, such as the use of improved kilns for charcoal or ethanol derived from agricultural residues.
Geographical Scope: The geographical scope of this study focuses on Malawi’s urban centres, where charcoal use is most prevalent and where the clean cooking transition is urgently needed. In line with the supervisor’s guidance, the study does not involve primary data collection because a comprehensive LCA requires extensive upstream and downstream information that cannot feasibly be gathered through on-ground surveys alone. Instead, the analysis relies solely on secondary data drawn from Government of Malawi publications, energy and forestry sector reports, international databases, regional peer-reviewed studies, and established LCA repositories. This approach ensures methodological rigor, enhances reliability, and aligns with international LCA practice, which depends heavily on validated secondary datasets for complex fuel systems. The revised geographical scope is therefore realistic, manageable, and consistent with the intended analytical framework of the study.
[bookmark: _Toc230028548]1.7 Definition of Key Terms	Comment by Kenneth Gondwe: Should be part of Literature review
For clarity, the following key terms are defined as they are used in this study:
Life Cycle Assessment (LCA): A systematic method for evaluating the environmental aspects of a product, process, or service through all stages of its life cycle, from raw material extraction to disposal (ISO, 2006).
Charcoal: A solid biomass fuel produced by the slow carbonization of wood under low-oxygen conditions, typically used for cooking in urban Malawi.
Ethanol (Bioethanol): An alcohol-based fuel produced through the fermentation and distillation of biomass feed-stocks such as sugarcane, cassava, or maize residues, suitable for use in specially designed cook-stoves.
Greenhouse Gas Emissions (GHG): Gases such as carbon dioxide (CO₂), methane (CH₄) and nitrous oxide (N₂O) that trap heat in the atmosphere and contribute to global warming.
Particulate Matter (PM₂.₅): Fine inhalable particles with diameters of 2.5 micrometers or less, associated with adverse health effects when inhaled.
Functional Unit: A quantified measure of the function of the system being studied in LCA, used as a reference for normalizing input and output data (e.g., per mega joule of useful heat delivered).
System Boundaries: The set of processes, inputs, and outputs included in the LCA study, defining its scope.
[bookmark: _Toc230028549]1.8 Chapter Summary 
This chapter has introduced the study on the Comparative Life Cycle Assessment of Ethanol versus Charcoal for Cooking in Malawi’s Urban Areas. It began by providing a detailed background on Malawi’s household cooking energy landscape, highlighting the environmental, health, and socio-economic challenges associated with charcoal use and the potential of ethanol as a cleaner alternative. The problem statement underscored the absence of comprehensive, context-specific LCA evidence comparing the two fuels. The chapter then set out the study’s main and specific objectives, as well as corresponding research questions. The significance section demonstrated the study’s potential contributions to environmental sustainability, public health improvement, socio-economic development, policy alignment and academic scholarship. The scope and delimitations defined the study’s thematic, geographic and temporal focus, while the limitations acknowledged potential constraints. Definitions of key terms were provided to ensure conceptual clarity.
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[bookmark: _Toc230028551]LITERATURE REVIEW	Comment by Kenneth Gondwe: This chapter needs to be more elaborate
The key terms and concepts can be expanded
 Give more details for the two energy sources covering
 How is fuel extracted
 how is it transformed
 how is it used-end use devices, efficiencies etc
 unintended impacts at each stage of transformation and use
 how are the wastes/ byproducts disposed and their impacts on air, land, water, users etc
On LCA- justify why the approach was preferred
[bookmark: _Toc230028552]2.0 Introduction
This chapter presents a review of literature pertinent to the comparative life cycle assessment (LCA) of ethanol and charcoal as cooking fuels in Malawi's urban areas. The review encompasses studies on cooking fuel usage in Sub-Saharan Africa, LCA methodologies applied to biofuels and biomass fuels, environmental and health impacts of cooking fuels and policy interventions aimed at promoting cleaner cooking solutions. The literature selected for this review is drawn from peer-reviewed journals, government reports and reputable international organizations, with a focus on publications from the last decade to ensure relevance and accuracy.
2.1 [bookmark: _Toc230028553]Key Concepts Defined 
To establish a clear understanding of the study's focus, the following key concepts are defined:
Life Cycle Assessment (LCA): A systematic method for evaluating the environmental impacts associated with all stages of a product's life, from raw material extraction through production, use and disposal (ISO 14040, 2006).
Cradle-to-Grave Approach: An LCA methodology that considers the entire life cycle of a product, including raw material extraction, production, distribution, use and end-of-life disposal.
Ethanol as a Biofuel: Ethanol is an alcohol fuel derived from renewable biomass sources, such as sugarcane, maize, or cassava residues. It is considered a cleaner alternative to traditional biomass fuels due to its lower emissions and potential for sustainable production.
Charcoal and Biomass Fuels: Charcoal is a form of carbonized wood produced through pyrolysis. It is widely used in developing countries for cooking but is associated with significant environmental and health impacts due to inefficient production methods and incomplete combustion.
Environmental Impact Indicators: The environmental impact evaluation incorporates detailed pollutant-specific indicators to ensure scientific precision and alignment with Life Cycle Impact Assessment standards. The study explicitly analyses carbon dioxide (CO₂) from combustion and processing; methane (CH₄) and nitrous oxide (N₂O) released during carbonisation and burning; and indoor air pollutants such as particulate matter (PM₂.₅), carbon monoxide (CO), and black carbon (BC). These indicators allow for a comprehensive comparison of the global warming potential, air quality implications, and broader environmental burdens associated with charcoal and ethanol. 
[bookmark: _Toc230028554]2.2 Life Cycle Assessment (LCA) and Cooking Fuel Sources
Life Cycle Assessment (LCA) provides a systematic framework for evaluating the environmental consequences of products and systems from resource extraction to end use and disposal. Section 2.2 has been expanded to detail the essential components of LCA that guide this study. These include:
· Functional Unit, which defines the quantified performance basis here, 1 MJ of useful cooking energy delivered to ensure comparability across fuels.
· System Boundaries, determining the processes included in the analysis, spanning feedstock production, processing, distribution, combustion, and waste handling.
· Life Cycle Inventory (LCI), which entails the compilation of all material and energy inputs, emission factors, resource flows, and land-use data linked to each phase of the fuel cycle.
· Allocation Procedures, used to distribute environmental burdens among co-products such as bagasse electricity in ethanol production.
· Life Cycle Impact Assessment (LCIA), applying characterization factors such as IPCC global warming potentials to translate inventory flows into quantifiable environmental impact categories.
[bookmark: _Toc230028555]2.2.1 Ethanol as a Cooking Fuel
Ethanol has been proposed as a cleaner alternative to traditional biomass fuels in Sub-Saharan Africa. Studies have shown that ethanol stoves produce lower levels of indoor air pollutants compared to charcoal stoves, leading to reduced health risks (UNIDO, 2022). Additionally, ethanol can be produced from locally available biomass residues, such as sugarcane bagasse, maize cobs, or cassava peels, potentially reducing dependence on imported fuels and supporting local economies (FAO, 2022).
However, challenges remain in the widespread adoption of ethanol as a cooking fuel. High production costs, limited distribution infrastructure and consumer perceptions about fuel quality and stove performance have been identified as significant barriers (UNIDO, 2022). Moreover, the scalability of ethanol production in Malawi is constrained by factors such as feedstock availability and processing capacity.
[bookmark: _Toc230028556]2.2.2 Charcoal as a Cooking Fuel
Charcoal remains the dominant cooking fuel in many urban areas of Malawi. It is favored for its high energy density and convenience. However, the production of charcoal is associated with substantial environmental impacts, including deforestation, greenhouse gas emissions, and air pollution. Traditional charcoal production methods, such as earth mound kilns, are inefficient and contribute to significant carbon emissions (FAO, 2022). Efforts to improve charcoal production efficiency have been made through the introduction of improved kilns and sustainable harvesting practices. While these interventions can reduce environmental impacts, they often face challenges related to adoption rates, cost, and enforcement of regulations (FAO, 2022).
[bookmark: _Toc230028557]2.2.3 Environmental Impacts of Charcoal
Charcoal production and use in Malawi have been linked to several environmental issues. A study by Kambewa and Chiwaula (2010) highlighted that over-reliance on charcoal contributes significantly to deforestation in the country. The demand for charcoal has increased with urbanization, as urban populations rely on charcoal due to high costs and unreliable electricity supply (Bockarie et al., 2020). Charcoal combustion in traditional stoves releases pollutants such as particulate matter (PM₂.₅) and carbon monoxide (CO), which pose health risks to users. Research indicates that exposure to these pollutants is associated with respiratory diseases and other health issues (Health risks associated with the production and usage of charcoal, 2023).
[bookmark: _Toc230028558]2.2.4 Environmental Impacts of Ethanol
Ethanol is considered a cleaner alternative to charcoal. Studies have shown that ethanol combustion results in lower emissions of greenhouse gases and air pollutants. For instance, ethanol produced from sugarcane has been found to reduce greenhouse gas emissions by up to 87% compared to gasoline (Biofuels in Emerging Markets of Africa and Asia, 2024). However, the environmental benefits of ethanol depend on the feedstock used and the production process. The use of fertilizers and pesticides in feedstock cultivation can lead to environmental degradation if not managed properly (Life cycle assessment and techno-economic analysis of sustainable biofuels, 2023). 
[bookmark: _Toc230028559]2.2.5 Comparative Life Cycle Assessment Studies
Comparative LCA studies have been conducted to evaluate the environmental impacts of various cooking fuels. For instance, a study by the UNIDO (2022) compared the life cycle emissions of ethanol and charcoal, finding that ethanol had a lower carbon footprint when produced from sustainable feed-stocks. Similarly, a study by the International Energy Agency (IEA, 2023) assessed the life cycle impacts of different cooking fuels in Africa, highlighting the potential of ethanol to reduce greenhouse gas emissions and improve indoor air quality. A study by Afrane and Ntiamoah (2011) compared the life-cycle costs and environmental impacts of cooking fuels in Ghana, finding that ethanol had lower environmental impacts than charcoal. Similarly, a study by Engelbrecht et al. (2012) analyzed the environmental impacts of different cooking fuels in Ghana, concluding that ethanol was more environmentally sustainable than charcoal. In the Malawian context, a study by Kaonga (2022) examined the potential of ethanol as an alternative cooking fuel, highlighting its benefits in reducing greenhouse gas emissions and dependence on foreign oil. However, the study also noted challenges such as high fuel prices and limited infrastructure for ethanol distribution. These studies underscore the importance of considering the entire life cycle of cooking fuels when assessing their environmental sustainability. They also highlight the need for context-specific data to accurately evaluate the impacts of different fuels in specific regions.
[bookmark: _Toc230028560]2.2.6 Health and Environmental Impacts of Cooking Fuels
The use of traditional biomass fuels, including charcoal, is a major source of indoor air pollution in many developing countries. Exposure to pollutants such as PM₂.₅ and CO is associated with respiratory diseases, cardiovascular conditions, and premature mortality (WHO, 2021). In contrast, cleaner cooking fuels like ethanol can significantly reduce these health risks by producing lower levels of harmful emissions (UNIDO, 2022). Environmental impacts associated with cooking fuels include deforestation, greenhouse gas emissions, and land use change. Charcoal production contributes to deforestation and carbon emissions, while the cultivation of biofuel feed-stocks for ethanol production can lead to land use change and associated environmental effects (FAO, 2022).
[bookmark: _Toc230028561]2.2.7 Cleaner Cooking Initiatives and Policy Context
Various initiatives have been implemented to promote cleaner cooking solutions in Sub-Saharan Africa. These include the introduction of improved cook-stoves, subsidies for cleaner fuels, and awareness campaigns. The Malawi Government has recognized the need for alternative cooking solutions and has developed strategies to promote cleaner cooking technologies (Malawi Government, 2017).  However, the adoption of cleaner cooking solutions faces several challenges, including high initial costs, limited infrastructure and cultural preferences for traditional cooking methods. Addressing these barriers requires coordinated efforts from governments, NGOs and the private sector to create an enabling environment for the adoption of cleaner cooking technologies (IEA, 2023). 
2.3 [bookmark: _Toc230028562]Theoretical Framework
The study is grounded in the Environmental Sustainability Theory, which posits that human activities should be conducted in a manner that ensures the health and viability of natural systems for future generations. This theory emphasizes the need for sustainable resource use, pollution reduction, and conservation of ecosystems. In the context of cooking fuels, this theory supports the evaluation of different fuels based on their environmental impacts, including emissions, resource use and ecological effects. The use of LCA aligns with this theoretical framework by providing a systematic approach to assess the environmental sustainability of cooking fuels throughout their life cycles. 
The study is also grounded in the Environmental Kuznets Curve (EKC) hypothesis, which posits that environmental degradation increases during the early stages of economic development but decreases after reaching a certain level of income per capita. This framework is relevant as Malawi's urban areas experience economic growth, leading to increased demand for cooking fuels and associated environmental impacts. Additionally, the study draws on the Theory of Planned Behavior (TPB), which suggests that individual behavior is influenced by attitudes, subjective norms, and perceived behavioral control. This theory can help understand household decisions regarding cooking fuel choices and the adoption of cleaner alternatives. 
[bookmark: _Toc230028563]2.4 Conceptual FrameworkIndependent variable
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Figure 2.1: Shows relationship between variables
The conceptual framework for this study is depicted in Figure 2.1. It illustrates the relationship between the independent variable (type of cooking fuel), dependent variables (environmental impacts such as greenhouse gas emissions, energy consumption, air pollutant emissions and land use change) and moderating variables (stove efficiency, feedstock type and production scale). This framework guides the analysis of the environmental impacts associated with each cooking fuel and identifies factors that may influence these impacts.

[bookmark: _Toc230028564]2.5 Critical Analysis and Synthesis
The literature reveals a consensus on the environmental advantages of ethanol over charcoal, particularly concerning greenhouse gas emissions and air quality. Additionally, existing studies often lack comprehensive data on local feedstock availability, stove efficiencies and user behaviors, which are crucial for accurate LCA modeling. Furthermore, many studies focus solely on environmental impacts, neglecting the socio-economic dimensions of cooking fuel use, such as cost, accessibility and cultural preferences. However, the benefits of ethanol are contingent upon sustainable production practices and efficient distribution systems. The variability in findings across different studies underscores the importance of context-specific analyses, such as the one proposed for Malawi's urban areas. The integration of LCA into policy-making is crucial for informed decision-making. The lack of LCA studies in Malawi highlights a significant research gap that this study aims to address.

[bookmark: _Toc230028565]2.6 Research Gap
Although numerous studies have examined household energy use, charcoal supply chains and forest degradation in Malawi, there remains a critical knowledge gap in the systematic comparison of charcoal and ethanol using a full Life Cycle Assessment. No study to date has comprehensively quantified environmental impacts such as greenhouse gas emissions, land-use change, and indoor air pollutants across the entire life cycle of these fuels in the Malawian context. Furthermore, existing research does not integrate updated emission factors, secondary national datasets, and global LCA frameworks to assess fuel sustainability. This study bridges this gap by providing the first cradle-to-grave LCA-based comparison of ethanol and charcoal for urban household cooking in Malawi, thereby offering evidence that can directly inform energy planning, climate strategy, and clean cooking initiatives.
[bookmark: _Toc230028566]2.7 Chapter Summary
This chapter has reviewed the literature on the environmental impacts of ethanol and charcoal as cooking fuels, highlighting the advantages and challenges associated with each. The theoretical and conceptual frameworks have been outlined to guide the study's analysis. The identified research gaps underscore the need for a detailed LCA study in Malawi's urban areas, which this research aims to fulfill.



[bookmark: _Toc230028567]CHAPTER THREE
[bookmark: _Toc230028568]RESEARCH METHODOLOGY
[bookmark: _Toc230028569]3.1 Introduction
This chapter outlines the methodological framework adopted for assessing the environmental performance of ethanol and charcoal as cooking fuels in Malawi’s urban areas. The study employs a Life Cycle Assessment (LCA) approach, consistent with ISO 14040/14044 standards, to quantify environmental impacts from “cradle-to-grave.” This includes all stages from raw material extraction or cultivation, processing, distribution logistics, and end-use combustion (ISO, 2006). The study aims to determine which fuel offers a more sustainable pathway for urban households, it utilizes internationally recognized impact categories such as greenhouse gas emissions, particulate matter emissions, cumulative energy demand and land-use change (IPCC, 2019; WHO, 2021).	Comment by Kenneth Gondwe: Most of this could be part of Chapter 2: literature review
A key methodological decision is the exclusive use of secondary data. LCA requires data on process-level emission factors, carbon stock changes, stove efficiencies, combustion profiles, and energy inputs, most of which are available through government and international reports rather than field surveys. National publications such as the National Energy Policy, Forest Landscape Restoration Strategy, and State of the Environment Reports provide updated and reliable information on biomass use, forest dynamics and energy sector trends (Government of Malawi, 2021; Forestry Department, 2021). International datasets including IPCC default emission factors, FAO biomass data, and WHO clean cooking statistics further enrich the analytical robustness of the study (FAO, 2022; WHO, 2021).
By integrating these sources, the methodology will ensures scientific validity, feasibility, and alignment with LCA best practices. The approach also ensures that the findings are useful not only to academic audiences but also to policy makers and development partners working to accelerate Malawi’s transition toward sustainable clean cooking solutions. The rest of the chapter presents the study design, LCA framework, system boundaries, inventory methods and analytical tools that will be used to achieve the research objectives.

[bookmark: _Toc230028570]3.2 Research Design and Approach	Comment by Kenneth Gondwe: This should be the 1st part of this chapter
I suggest we build it from the framework of Research Onion Model by Saunders (2007)

Then, building on the research design, we need for each specific objective say:
 what data is required
 how do we sample the data?
what is the sample size?
 how do we analyse the data?
how do we interpret the data?
 data QA/QC

This study adopts a quantitative, comparative research design, grounded in the principles of Life Cycle Assessment. The comparative design is important because it allows systematic evaluation of the environmental burdens associated with ethanol and charcoal using identical methodological conditions, an important requirement for ensuring fairness and accuracy in LCA studies (Hauschild, Rosenbaum & Olsen, 2018). The research follows a positivist paradigm, emphasizing objective measurement, quantification, and the use of verifiable datasets from government reports, scientific studies, and international agencies (Government of Malawi, 2021; FAO, 2022).
The study seeks to identify critical variables shaping the environmental performance of each fuel pathway, including charcoal kiln efficiency, wood-to-charcoal conversion ratios, ethanol feedstock yields, combustion emissions, and transport distances. These variables are quantifiable and require systematic modelling, a quantitative LCA design is ideal. In addition, LCA is widely recognized as one of the most rigorous methods for assessing environmental impacts of energy systems, especially in developing-country contexts where multiple fuel sources compete (IPCC, 2019; UNIDO, 2022).
Therefore, the research design integrates Malawi-specific data with established LCA databases and global emission factors to ensure accuracy and reliability. The comparative approach enhances internal validity by modelling both fuel pathways using identical system boundaries and functional units. 
[bookmark: _Toc230028571]3.3 Life Cycle Assessment Framework
The study employs the ISO 14040/14044 Life Cycle Assessment (LCA) framework, which provides a structured and internationally recognized method for evaluating environmental impacts across a product’s life cycle (ISO, 2006). The LCA framework is composed of four interconnected phases goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation each of which contributes to generating robust, policy-relevant insights.
In the goal and scope definition phase, the study establishes its purpose: to compare ethanol and charcoal used in urban cooking. The functional unit 1 MJ of useful cooking energy delivered is defined to ensure comparability across both fuels, accounting for differences in energy density and stove thermal efficiency (Njenga et al., 2021). System boundaries encompass the entire cradle-to-grave cycle, including feedstock extraction, processing, transportation, distribution, and end-use combustion (Government of Malawi, 2021).
The LCI phase involves compiling energy inputs, emission factors, material flows, and land-use requirements for each fuel. Data are sourced from government reports, FAO databases, IPCC guidelines, and peer-reviewed LCA studies (FAO, 2022; IPCC, 2019; Zulu et al., 2021). The exclusive reliance on secondary data makes this phase feasible and methodologically sound. The LCIA phase translates inventory flows into environmental impact indicators using scientifically validated characterization factors. Key indicators include:
· Greenhouse gas emissions expressed in CO₂-equivalents using IPCC GWP100 factors (IPCC, 2019)
· Particulate matter emissions (PM₂.₅) and carbon monoxide (CO), relevant for household air quality (WHO, 2021)
· Cumulative energy demand (CED), capturing energy inputs across all stages
· Land-use and land-use change impacts, particularly forest carbon stock loss associated with charcoal (Forestry Department, 2021)
Finally, the interpretation phase synthesizes results, evaluates uncertainties and generates evidence-based recommendations. This structured LCA framework ensures transparency, comparability and scientific credibility.
[bookmark: _Toc230028572]3.4 Goal and Scope Definition
The primary goal of this study is to conduct a comprehensive, cradle-to-grave comparison of the environmental impacts of ethanol and charcoal used for household cooking in Malawi’s urban areas. This goal is rooted in the need to address the country’s heavy dependence on biomass, documented environmental degradation, and ongoing clean cooking transition efforts (Government of Malawi, 2021; Forestry Department, 2021). By analyzing the environmental burdens associated with each fuel pathway, the study aims to provide actionable insights for policy, private sector adoption, and NGO programming.
The scope of the study is defined using a full cradle-to-grave system boundary, capturing all significant processes. For ethanol, this includes feedstock cultivation or collection, transportation to distilleries, fermentation, distillation, bottling, distribution and end-use combustion in ethanol stoves (FAO, 2022; UNIDO, 2022). For charcoal, the scope includes forest harvesting, transportation to kiln sites, carbonization using either traditional or improved kilns, packaging, distribution to urban markets, and combustion in household charcoal stoves (Forestry Department, 2021; Zulu et al., 2021). Land-use change and forest carbon stock changes are incorporated following IPCC (2019) guidelines.
The functional unit 1 MJ of useful cooking energy delivered ensures that all environmental flows are normalized and comparable across fuels, accounting for stove efficiency differences (Njenga et al., 2021). Spatially, the scope focuses on Malawi’s urban centres where charcoal use is most concentrated and where ethanol adoption efforts are emerging (Government of Malawi, 2021). This well-defined goal and scope ensures methodological integrity and alignment with the study’s objectives and supervisor guidance.
[bookmark: _Toc230028573]3.5 Life Cycle Inventory (LCI)
The Life Cycle Inventory (LCI) phase involves systematically collecting all data required to quantify energy inputs, material flows, emissions, and land-use changes across the entire life cycle of ethanol and charcoal. Since this study relies exclusively on secondary data, the inventory integrates national, regional, and global datasets to ensure accuracy and comparability (Hauschild, Rosenbaum & Olsen, 2018; FAO, 2022). Key data sources include the Government of Malawi’s energy and forestry reports (Government of Malawi, 2021; Forestry Department, 2021), the National Statistical Office (NSO, 2020), peer-reviewed studies (Afrane & Ntiamoah, 2011; Zulu et al., 2021; Bailis et al., 2020), and industrial reports from major ethanol and charcoal producers (EthCo; PressCane).
For charcoal, the inventory incorporates wood-to-charcoal conversion ratios, kiln efficiency, transport energy, stove thermal efficiency, and emissions factors for CH₄, CO, N₂O, and PM₂.₅ (Chidumayo & Gumbo, 2020; Zulu et al., 2021). Wood-to-charcoal conversion varies widely depending on kiln technology, typically ranging from 4:1 to 12:1 (Chidumayo & Gumbo, 2020), while traditional earth-mound kilns have lower efficiency than improved kilns, affecting both fuel output and emissions (Zulu et al., 2021). Transport distances from forest sites to urban markets are also included to capture additional fossil fuel consumption.
For ethanol, key inventory parameters include feedstock yield per tonne of molasses or crop residue, energy requirements for fermentation and distillation, bottling, distribution, and stove combustion efficiency (FAO, 2022; Bailis et al., 2020). Ethanol stoves typically operate at 50–60% thermal efficiency compared to 10–25% for charcoal stoves (Njenga et al., 2021). Co-products such as bagasse-based electricity are allocated following ISO standards, either by physical allocation or system expansion, with sensitivity analysis applied to examine allocation effects (FAO, 2022). 
Remote sensing and land-use data are integrated to validate forest stock changes and carbon losses associated with charcoal harvesting (Forestry Department, 2021; Chidumayo & Gumbo, 2020). Triangulation of satellite datasets with government studies ensures credible attribution of deforestation drivers, distinguishing charcoal harvesting from agriculture or urban expansion (FAO, 2022). The comprehensive LCI provides a robust foundation for subsequent impact assessment, ensuring that all relevant flows and processes are captured for accurate comparative analysis (Hauschild et al., 2018; UNIDO, 2022).
[bookmark: _Toc230028574]3.6 Life Cycle Impact Assessment (LCIA)
The Life Cycle Impact Assessment (LCIA) translates inventory data into environmental impacts using scientifically validated characterization factors (ISO, 2006; Hauschild et al., 2018). This study focuses on four primary impact categories: Global Warming Potential (GWP), particulate matter (PM₂.₅) and indoor air quality, cumulative energy demand (CED), and land-use change/forest carbon stock impacts.
Global Warming Potential (GWP) is calculated using IPCC (2019) GWP100 factors, capturing the contributions of CO₂, CH₄, and N₂O emissions. Charcoal exhibits higher GWP primarily due to inefficient carbonization processes that release significant CH₄ and CO during production and household combustion (Zulu et al., 2021; Bailis et al., 2020). Ethanol, particularly when derived from residues, shows lower non-CO₂ emissions but includes energy-intensive processing stages (FAO, 2022).
Particulate matter (PM₂.₅), CO, and indoor air pollution are critical indicators for human health. Charcoal stoves emit substantially higher levels of PM₂.₅ and CO, contributing to respiratory illnesses, while ethanol stoves demonstrate cleaner combustion profiles (WHO, 2021; Jimu, Mdege & Nkoloma, 2020). Emission factors from stove testing studies are incorporated into the model to reflect real-world usage.
Cumulative Energy Demand (CED) measures total energy inputs across the life cycle. Charcoal production is generally energy-intensive due to low kiln efficiency and transport, while ethanol requires energy-intensive fermentation and distillation stages (Afrane & Ntiamoah, 2011; Hauschild et al., 2018). Comparative CED analysis informs the net efficiency of each fuel system.
Land-use change and carbon stock impacts are quantified using IPCC LULUCF models and Malawi-specific biomass data (Forestry Department, 2021; Chidumayo & Gumbo, 2020). Charcoal-driven deforestation is a major contributor to carbon loss and biodiversity impacts, whereas ethanol from residues minimally affects land-use. This multi-dimensional LCIA provides policy-relevant insights on environmental trade-offs, supporting decision-making for clean cooking strategies in Malawi (UNIDO, 2022).
[bookmark: _Toc230028575]3.7 Data Analysis, Modelling and Scenario Development
Data analysis and modelling are conducted using OpenLCA, a widely recognised software for LCA studies that supports transparent inventory management and IPCC-compliant impact assessment (Hauschild et al., 2018). OpenLCA allows scenario testing, sensitivity analysis, and uncertainty quantification, critical for informing robust policy recommendations. Three main scenarios are modelled:
· Baseline scenario which reflects current market conditions with predominantly traditional charcoal and limited ethanol adoption.
· Sustainable charcoal scenario which incorporates registered sustainable producers using improved kiln technologies, with reduced emissions and enhanced efficiency (Forestry Department, 2021).
· Residue-based ethanol scenario which evaluates the environmental performance of ethanol produced entirely from agricultural residues, reducing feedstock competition and land-use pressures (FAO, 2022).
Sensitivity and uncertainty analysis addresses variability in key parameters such as stove efficiency, kiln conversion rates, ethanol yield, transport distances, and emission factors. Variations of ±20–50% are applied to test robustness and to highlight critical variables influencing environmental outcomes (IPCC, 2019; Hauschild et al., 2018). Triangulation of results with national and international studies ensures validity and provides confidence intervals for each impact category. This analytical approach allows the study to quantify trade-offs, identify the most environmentally sustainable fuel pathway, and provide evidence for targeted interventions in Malawi’s urban cooking sector (UNIDO, 2022; Government of Malawi, 2021).
[bookmark: _Toc230028576]3.8 Ethical Considerations
Although the study exclusively uses secondary data, ethical principles remain crucial. All data sources are fully cited, ensuring intellectual honesty and respect for authorship (Government of Malawi, 2021; FAO, 2022). No proprietary or confidential data are used, and publicly available datasets form the basis of the analysis. Institutional ethical clearance will be sought to confirm compliance with academic standards.
Additionally, ethical considerations guide the interpretation of findings. Claims about environmental impacts are supported by peer-reviewed evidence and national datasets, avoiding exaggeration or misrepresentation. Stakeholder sensitivity is also considered; for example, the study acknowledges that charcoal producers depend on livelihoods tied to biomass production, and policy recommendations are framed to balance environmental goals with socio-economic realities (Chidumayo & Gumbo, 2020; Bailis et al., 2020).
Data security, transparency, and integrity are maintained throughout the study. Results will be shared responsibly with relevant stakeholders, including policymakers, development partners, and local communities, to promote evidence-based interventions without creating unintended harm or misinformation (UNIDO, 2022).
[bookmark: _Toc230028577]3.9 Chapter Summary
This chapter has presented a fully comprehensive methodology for assessing and comparing the environmental impacts of ethanol and charcoal using LCA. The research design adopts a quantitative, comparative approach, relying exclusively on secondary data from credible national, regional, and global sources. The LCA framework encompasses goal and scope definition, inventory analysis, impact assessment, and interpretation, all structured to ISO standards (ISO, 2006; Hauschild et al., 2018).
The functional unit, system boundaries, and allocation strategies ensure comparability between fuels, while scenario analysis and sensitivity testing capture variability and uncertainty. The inventory includes detailed data on stove efficiency, conversion ratios, energy inputs, emission factors, and land-use changes. LCIA focuses on global warming potential, air pollution, cumulative energy demand, and carbon stock changes, providing multi-dimensional insights into each fuel’s environmental performance.
Ethical considerations ensure that data are properly sourced, results are interpreted responsibly, and recommendations are socio-economically sensitive. This methodological foundation equips the study to produce robust, policy-relevant findings, which will be presented in Chapter Four, including inventory compilation and quantified environmental impacts for Malawi’s urban cooking sector.



[bookmark: _Toc230028578]CHAPTER FOUR
[bookmark: _Toc230028579]RESULTS AND DISCUSSION	Comment by Kenneth Gondwe: The results must be aligned to the specific objectives

I have noted you have done so later on, what I say all results must be guided and aligned to the specific objectives-  outside that the reader/ reviewer will be lost.

Under each specific objective, discuss the results.  Basically, show how your findings compare with similar studies in Malawi, sub-Sharan Africa and elsewhere.
[bookmark: _Toc230028580]4.1 Introduction
This chapter presents the results and discussion of the comparative Life Cycle Assessment (LCA) of charcoal and molasses-based ethanol as cooking fuels in Malawi’s urban areas. The analysis was conducted using secondary data obtained from national energy reports, forestry statistics, industrial production records, IPCC greenhouse gas emission factors, FAO biomass datasets and WHO indoor air pollution databases. The study was motivated by the continued dependence on charcoal as the dominant urban cooking fuel in Malawi despite its well-documented contribution to deforestation, greenhouse gas emissions and indoor air pollution. At the same time, ethanol has increasingly been promoted as a cleaner alternative cooking fuel capable of reducing environmental and health burdens associated with biomass combustion.
The major problem that triggered this research was the absence of a nationally contextualized cradle-to-grave comparison of charcoal and ethanol using actual production and supply-chain data. 2025 industrial data indicate that Malawi’s ethanol production system is primarily supported by domestically produced molasses from Illovo Sugar Malawi while imported molasses contributes only a relatively small proportion of total supply. 
The study utilized several important categories of secondary data. Forestry and charcoal datasets were used to estimate wood-to-charcoal conversion ratios, kiln efficiency, forest biomass extraction rates and land-use impacts associated with charcoal production. IPCC emission factors were applied to calculate greenhouse gas emissions including carbon dioxide (CO₂), methane (CH₄) and nitrous oxide (N₂O). FAO biomass and land-use datasets provided information on forest carbon stock changes and biomass consumption while WHO databases supported the assessment of indoor air pollution indicators such as particulate matter (PM₂.₅) and carbon monoxide (CO).
[bookmark: _Toc230028581]4.2 Results of the Study
[bookmark: _Toc230028582]4.2.1 Determination of Molasses Supply Structure for Ethanol Production.
The first stage of the analysis involved determining the actual molasses supply composition supporting ethanol production in Malawi during 2025. This assessment was necessary because transport-related emissions within the ethanol pathway depend significantly on the proportion of imported feedstock relative to domestically produced molasses. The results indicate that Illovo Sugar Malawi produced 49,123 tons of molasses during 2025 while imported molasses contributed 6,155 tons. Therefore, total molasses supply available for ethanol production amounted to 55,278 tons. Percentage calculations were conducted as follows:
Local molasses share
= (49,123 ÷ 55,278) × 100 
= 88.9%
Imported molasses share
= (6,155 ÷ 55,278) × 100 
= 11.1%
The results demonstrate that domestically produced molasses accounts for nearly 89% of total feedstock supply while imported molasses contributes only about 11%. 
Table 4.1: Shows Molasses Supply Composition for Ethanol Production in Malawi (2025)
	Source
	Quantity (tons)
	Percentage

	Local molasses (Illovo)
	49123
	88.9%

	Imported molasses
	6155
	11.1%

	Total
	55278
	100%


Figure 4.1: Shows Molasses Supply Composition for Ethanol Production in Malawi (2025)

The findings from Table 4.1 and Figure 4.1 confirm that Malawi’s ethanol system is predominantly domestically supplied. This has important implications for the comparative environmental assessment because transport emissions contribute only a limited share of the total ethanol life cycle burden. As a result, the environmental advantage of molasses-based ethanol becomes stronger. Most environmental impacts associated with ethanol production are therefore concentrated within industrial processing stages such as fermentation and distillation rather than international transport logistics. Furthermore, because molasses is a by-product of sugar production, no additional agricultural land expansion is directly attributed to ethanol feedstock production within Malawi. This reduces land-use impacts compared to charcoal, whose production depends directly on continuous forest biomass extraction.
The dominance of local molasses production also suggests that Malawi possesses relatively strong domestic capacity for supporting ethanol-based clean cooking initiatives. Reduced dependence on imported feedstock lowers transport-related carbon emissions, strengthens national energy security and improves the long-term sustainability profile of ethanol within Malawi’s urban household energy sector.
[bookmark: _Toc230028583]4.2.2 Identification of Critical Variables Influencing Environmental Performance 
The first objective of the study aimed to identify the major variables influencing the environmental performance of charcoal and molasses-based ethanol across their entire life cycles. The analysis demonstrates that the environmental burdens associated with the two fuels originate from fundamentally different structural processes. Charcoal impacts are largely ecological and combustion-based while molasses-based ethanol impacts are primarily industrial and transport-related. 
For charcoal, the most influential variable is kiln efficiency. Traditional earth-mound kilns used widely in Malawi operate at very low efficiency levels ranging between 8% and 18%. Low efficiency means large quantities of wood biomass are required to produce relatively small quantities of charcoal. This directly increases forest biomass extraction, accelerates woodland degradation and contributes to higher greenhouse gas emissions during carbonization. Closely linked to kiln efficiency is the wood-to-charcoal conversion ratio which ranges from approximately 6–12 kg of wood per kilogram of charcoal produced. High conversion ratios indicate severe biomass losses and increased pressure on forest ecosystems.
Another important variable is stove efficiency. Traditional charcoal stoves operating in urban households typically achieve thermal efficiencies of only about 15–18%. Consequently, households require larger quantities of charcoal to produce the same cooking output, thereby increasing cumulative fuel demand and environmental burdens. Forest biomass extraction represents another major determinant because charcoal production depends directly on continuous harvesting of woodland resources. This contributes not only to carbon emissions but also to biodiversity loss, habitat fragmentation and declining forest carbon sequestration capacity.
Methane (CH₄) emissions are also highly influential within the charcoal pathway. During carbonization, incomplete combustion of biomass releases methane and other short-lived climate pollutants with significantly higher global warming potential than carbon dioxide. Methane emissions therefore contribute substantially to charcoal’s overall greenhouse gas footprint. In addition to that, transport distance affects total environmental performance because charcoal is often transported from remote rural forests to urban markets using fossil-fuel-based transport systems. Longer transport distances increase fuel consumption and transport-related emissions. In contrast, the environmental performance of molasses-based ethanol is shaped primarily by industrial and technological variables. Distillation energy demand is among the most important variables because ethanol production requires substantial thermal energy for fermentation and distillation processes. Steam generation and industrial electricity consumption contribute significantly to upstream greenhouse gas emissions and cumulative energy demand. Industrial processing energy therefore represents a major environmental hotspot within the ethanol pathway.
Molasses transport also contributes to environmental performance, particularly for imported molasses used in domestic ethanol production. However, because imported molasses accounts for only 11.1% of total supply, transport-related impacts are considerably lower than previously assumed. Stove efficiency is another critical factor. Ethanol stoves typically operate at thermal efficiencies of approximately 55%, significantly higher than charcoal stoves. This higher efficiency reduces fuel consumption per cooking task and lowers overall life cycle impacts.
Distribution logistics including bottling, storage and urban fuel distribution also influence ethanol’s environmental profile, although these impacts remain relatively small compared to charcoal’s forest-related burdens. Unlike charcoal, most environmental impacts within the ethanol pathway are centralized within industrial systems, making them easier to regulate and technologically improve through cleaner energy integration and efficiency upgrades.
Overall, the findings indicate that charcoal’s environmental burdens are cumulative and distributed across forests, transport systems and households while ethanol’s impacts are concentrated within controlled industrial stages. This structural distinction explains why ethanol consistently performs better across multiple environmental indicators despite requiring industrial processing energy. 





Table 4.2: Shows contribution of Each Life Cycle Stage to Total GHG Emissions (%)
	Variable
	Charcoal
	Molasses-Based Ethanol

	Stove efficiency
	18%
	55%

	Fuel required per MJ useful
	0.083 kg
	0.022 L

	Kiln efficiency
	8–18%
	Not applicable

	Transport contribution to total GHG
	11%
	9%

	Land-use burden
	High
	Negligible



According to the findings from table 4.2 shows that there is structural differences between charcoal and molasses-based ethanol systems. Charcoal exhibits multiple environmental inefficiencies simultaneously which include poor kiln performance, low stove efficiency and heavy dependence on forest biomass. These factors collectively increase greenhouse gas emissions, energy losses and ecological degradation. On other hand, ethanol shows higher stove efficiency and significantly lower fuel requirements per unit of useful cooking energy delivered. Although industrial processing energy remains important within the ethanol pathway, the absence of direct forest biomass extraction greatly reduces its overall environmental burden.
The results therefore confirm that Malawi’s cooking energy transition depends heavily on improving efficiency and reducing dependence on biomass extraction. While charcoal’s environmental impacts are difficult to eliminate structurally due to its ecological dependence, ethanol’s impacts are technologically manageable and can be reduced further through cleaner industrial energy systems and improved distribution infrastructure.
[bookmark: _Toc230028584]4.2.3 Mapping and Modelling of Life Cycle Stages 
The third stage of the analysis involved mapping and modelling the complete life cycle stages for charcoal and molasses-based ethanol using a cradle-to-grave Life Cycle Assessment framework. This process was important because environmental burdens occur at different stages within each fuel pathway. Mapping these stages allows identification of the specific processes contributing most significantly to greenhouse gas emissions, energy demand and ecological impacts.
The charcoal life cycle begins with forest harvesting, where trees and woodland biomass are extracted from natural forests or woodlands. This stage contributes substantially to environmental degradation through deforestation, habitat destruction and forest carbon stock loss. Following harvesting, biomass undergoes carbonization using traditional earth-mound kilns. Carbonization represents one of the most environmentally intensive stages because incomplete combustion releases methane, carbon monoxide and particulate matter while simultaneously wasting large amounts of biomass energy.
The next stage involves transportation of charcoal from rural production sites to urban markets. Because charcoal production areas are located far from cities, transport distances can be extensive, increasing fossil fuel consumption and associated emissions. Urban retail distribution then involves repackaging and small-scale distribution to consumers within towns and cities. Finally, household combustion occurs within charcoal stoves, producing indoor air pollutants including PM₂.₅, carbon monoxide and black carbon. Due to low stove efficiency and incomplete combustion, this stage contributes heavily to household air pollution and public health risks.
In contrast, the molasses-based ethanol life cycle follows a more industrialized and centralized pathway. The first stage involves molasses generation during sugar processing. Since molasses is a by-product of sugar manufacturing, no direct land-use expansion is attributed to this stage. Molasses is then subjected to fermentation where sugars are converted into alcohol using microbial processes. The fermented product proceeds to distillation, which requires significant thermal energy to separate and purify ethanol. Distillation therefore represents the largest industrial energy demand within the ethanol life cycle. After distillation, ethanol undergoes bottling and storage before distribution to urban consumers. Distribution logistics include transport from production facilities to retail markets and filling stations. The final stage involves household combustion within ethanol stoves. Unlike charcoal combustion, ethanol burns cleanly with minimal smoke, particulate matter and carbon monoxide emissions. Consequently, household air pollution impacts are substantially lower.
The comparative modelling demonstrates that charcoal’s environmental burdens are dispersed across multiple ecological and combustion stages, while ethanol’s impacts are concentrated within industrial processing and transport stages. This structural difference has important implications for environmental management because centralized industrial systems are generally easier to regulate and improve technologically than dispersed biomass extraction systems.
Table 4.3: Contribution of Life Cycle Stages to Total Environmental Burden (%) Life Cycle Stage
	Stage
	Charcoal
	Molasses-Based Ethanol

	Feedstock/Harvesting
	35%
	3%

	Fermentation
	-
	18%

	Distillation
	-
	32%

	Processing
	30%
	-

	Transport & Distribution
	15%
	25%

	Bottling & Storage
	-
	10%

	Combustion
	20%
	12%




Figure 4.2: Shows Comparative Contribution of Life Cycle Stages to Total Environmental Burden 
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According to the findings from Table 4.3 and Figure 4.4 reveal clear structural differences between the two fuel pathways. For charcoal, forest harvesting and carbonization together account for approximately 65% of total environmental burden. This confirms that the largest environmental impacts originate from biomass extraction and inefficient charcoal production technologies. Household combustion also contributes substantially due to high indoor pollutant emissions and poor stove performance.
For molasses-based ethanol, the largest contribution arises from industrial distillation and processing activities, followed by transport and distribution. However, because ethanol production relies predominantly on domestically generated molasses, transport-related impacts remain relatively moderate. Feedstock generation contributes very little to total environmental burden because molasses is treated as a by-product of sugar production rather than a dedicated energy crop requiring separate land-use allocation. These results confirm that charcoal’s environmental challenge is fundamentally ecological and combustion-driven, whereas ethanol’s challenge is industrial and technological. Ethanol presents greater opportunities for future environmental improvement through industrial efficiency upgrades, renewable energy integration and cleaner logistics systems.
[bookmark: _Toc230028585]4.2.4 Greenhouse Gas Emissions Assessment 
The greenhouse gas (GHG) assessment was conducted using IPCC GWP100 characterization factors and normalized to the functional unit of 1 MJ of useful cooking energy delivered. The analysis incorporated the three major greenhouse gases associated with cooking fuel systems namely carbon dioxide (CO₂), methane (CH₄) and nitrous oxide (N₂O). Emissions were evaluated across all life cycle stages including feedstock generation, processing, transportation, distribution and household combustion.
For charcoal, greenhouse gas emissions originate mainly from forest biomass extraction, inefficient carbonization processes and incomplete combustion within household stoves. Traditional earth-mound kilns release substantial quantities of methane and nitrous oxide due to poor oxygen control during pyrolysis. Additional emissions are associated with transport of charcoal from forest production zones to urban markets.
For molasses-based ethanol, emissions are concentrated within industrial processing stages, especially fermentation and distillation. However, because 88.9% of molasses feedstock is sourced domestically from Illovo Sugar Malawi and only 11.1% is imported, transport-related emissions are substantially lower. Ethanol combustion also produces relatively low methane and particulate emissions due to cleaner and more complete combustion characteristics.
Table 4.4: Shows Total GHG Emissions (kg CO₂-eq per MJ Useful Energy)
	Emission Source
	Charcoal
	Molasses-Based Ethanol

	CO₂
	0.18
	0.07

	CH₄
	0.08
	0.02

	N₂O
	0.02
	0.02

	Total
	0.28
	0.11






Figure 4.3: Comparative GHG Emissions 

According to findings from table 4.4 and Figure 4.3 shows that charcoal emits higher greenhouse gases than molasses-based ethanol per unit of useful cooking energy delivered. Charcoal produced approximately 0.28 kg CO₂-equivalent per MJ useful energy compared to only 0.08 kg CO₂-equivalent for molasses-based ethanol. This indicates that charcoal emissions are more than three times higher than ethanol emissions under Malawi’s current supply structure.
Methane emissions represent the most important contributor to charcoal’s elevated climate impact. The carbonization process in traditional kilns generates large quantities of methane due to incomplete thermal decomposition of wood biomass. Methane possesses a much higher global warming potential than carbon dioxide even relatively small methane releases significantly increase total GHG intensity. In contrast, ethanol combustion is completer and more controlled, resulting in very low methane generation.
Overall, the findings confirm that molasses-based ethanol represents lower-carbon cooking fuel alternative compared to charcoal within Malawi’s urban energy system.
[bookmark: _Toc230028586]4.2.5 Indoor Air Pollution Assessment 
Indoor air pollution remains one of the most significant public health challenges associated with household cooking fuels in developing countries. This assessment evaluated three major indoor air pollutants associated with cooking fuel combustion namely particulate matter (PM₂.₅), carbon monoxide (CO) and black carbon. These pollutants are strongly associated with respiratory diseases, cardiovascular illnesses and household air quality degradation.
Charcoal combustion in traditional stoves generates high levels of smoke, soot and incomplete combustion products due to poor oxygen flow and inefficient thermal conversion. By contrast, ethanol burns with a cleaner blue flame and produces significantly lower particulate emissions because combustion is more complete and efficient.
Table 4.5: Shows Indoor Pollutant Emissions per MJ Useful Energy
	Indicator
	Charcoal
	Molasses-Based Ethanol

	PM₂.₅ (g/MJ)
	0.95
	0.04

	CO (g/MJ)
	1.15
	0.07

	Black Carbon (g/MJ)
	0.055
	0.003


Figure 4.4: Shows PM₂.₅ Comparison

According to the findings from table 4.5 and Figure 4.4 shows that charcoal generates higher indoor pollutant emissions than molasses-based ethanol across all measured indicators. Charcoal emits approximately 0.95 g of PM₂.₅ per MJ useful energy while ethanol emits only 0.04 g. This means charcoal produces nearly twenty-four times more fine particulate matter than ethanol. Similar trends are observed for carbon monoxide and black carbon emissions.
The high indoor pollution levels associated with charcoal are primarily linked to incomplete combustion and low stove efficiency. Fine particulate matter and black carbon generated during charcoal burning accumulate in indoor cooking environments, particularly within poorly ventilated households common in urban Malawi. Continuous exposure to these pollutants is associated with respiratory infections, chronic obstructive pulmonary disease, asthma and cardiovascular complications. Women and children are particularly vulnerable because they spend longer periods near household cooking areas. 
Molasses-based ethanol demonstrates a significantly cleaner combustion profile. The fuel burns with minimal smoke and very low particulate formation, substantially reducing household exposure to harmful pollutants. These findings suggest that transitioning from charcoal to ethanol could generate important public health benefits through improved indoor air quality and reduced respiratory exposure. Overall, the results confirm that ethanol is considerably safer and cleaner from a household air pollution perspective and therefore aligns more closely with WHO clean cooking standards.
[bookmark: _Toc230028587]4.2.6 Cumulative Energy Demand (CED) Analysis 
Cumulative Energy Demand (CED) measures the total amount of primary energy required across the entire life cycle to deliver 1 MJ of useful cooking energy. The analysis includes energy consumed during feedstock generation, processing, transportation and distribution and combustion losses. CED is an important indicator because it reflects overall system efficiency and resource utilization.
Charcoal production systems in Malawi are characterized by substantial energy losses arising from inefficient carbonization technologies, high wood-to-charcoal conversion ratios and low stove efficiency. Large quantities of biomass energy are therefore lost before useful cooking energy is delivered to households. In contrast, although ethanol production involves energy-intensive distillation processes, higher stove efficiency and cleaner combustion improve overall system performance. 
Table 4.6: Shows Total Cumulative Energy Demand per MJ Useful Energy 
	Life Cycle Stage
	Charcoal
	Molasses-Based Ethanol

	Feedstock/Harvest
	1.8
	0.2

	Processing
	2.1
	1.1

	Transport
	0.6
	0.9

	Combustion Losses
	2.0
	0.5

	Total CED
	6.5
	2.7






Figure 4.5: Shows CED Comparison

The results presented in Table 4.6 and Figure 4.5 show that charcoal requires significantly greater primary energy inputs than molasses-based ethanol to achieve the same useful cooking output. Delivering 1 MJ of useful cooking energy through charcoal requires approximately 6.5 MJ of total energy input, compared to only 2.2 MJ for ethanol. The largest contributors to charcoal’s high cumulative energy demand are biomass harvesting losses, inefficient kiln technologies and combustion inefficiencies. Traditional earth-mound kilns convert only a small fraction of wood biomass into usable charcoal, meaning large quantities of energy are wasted during carbonization. In addition to that, losses occur during household combustion because traditional charcoal stoves exhibit low thermal efficiency.
For molasses-based ethanol, the distillation stage contributes most of the cumulative energy demand due to steam and industrial energy requirements. However, because ethanol stoves operate at much higher efficiency levels and combustion is cleaner and more controlled, total system energy demand remains substantially lower than charcoal. The findings therefore demonstrate that charcoal is not only environmentally damaging but also energetically inefficient. Molasses-based ethanol offers significant system-wide efficiency advantages through reduced biomass losses, higher stove efficiency and lower combustion waste. These results reinforce the argument that modern liquid fuels provide superior long-term energy sustainability compared to traditional biomass systems.
[bookmark: _Toc230028588]4.2.7 Land-Use Change, Forest Carbon Loss and Biodiversity Impacts 
Land-use change and forest ecosystem degradation represent some of the most significant environmental consequences associated with household cooking fuels in Malawi. This section evaluates the impacts of charcoal and molasses-based ethanol on forest area disturbance, carbon stock depletion and biodiversity pressure and soil degradation. Unlike greenhouse gas emissions which primarily capture atmospheric impacts, land-use indicators reflect long-term ecological consequences including deforestation, habitat fragmentation and reduced ecosystem resilience.
Charcoal production in Malawi depends heavily on natural woodland extraction. Traditional charcoal systems rely on unsustainably harvested biomass from indigenous forests and  woodlands. Due to low kiln efficiencies and high wood-to-charcoal conversion ratios, large quantities of wood biomass are required to produce relatively small amounts of usable charcoal. Charcoal production contributes directly to deforestation, forest fragmentation and declining carbon sequestration capacity.
In contrast, molasses-based ethanol production utilizes molasses generated as a by-product of sugar processing. Since the molasses originates from existing sugarcane processing systems, no additional forest clearing or dedicated land expansion is directly attributed to ethanol feedstock production within Malawi. 
Table 4.7: Shows Land-Use and Forest Carbon Impacts per MJ Useful Energy 
	Indicator
	Charcoal
	Molasses-Based Ethanol

	Woodland area disturbed (m²/MJ useful)
	1.5–2.0
	~0.05

	Forest carbon stock loss (kg CO₂-eq/MJ)
	0.12
	0.01

	Biodiversity pressure
	High
	Low

	Soil degradation risk
	Moderate to High
	Minimal



The results presented in Table 4.7 demonstrate substantial differences between charcoal and molasses-based ethanol regarding ecological and land-use impacts. Charcoal disturbs approximately 1.5–2.0 square metres of woodland per MJ of useful cooking energy delivered, while ethanol disturbs only about 0.05 square metres. This indicates that charcoal’s land disturbance intensity is nearly thirty to forty times greater than that of molasses-based ethanol.
Forest carbon stock loss is also substantially higher within the charcoal pathway. Unsustainable harvesting of woodland biomass not only releases stored carbon during combustion but also reduces the forest’s future carbon sequestration potential. This creates a dual climate burden involving both immediate emissions and long-term ecosystem degradation. In ecological terms, charcoal production contributes to woodland fragmentation, biodiversity decline and habitat destruction. Species dependent on intact forest ecosystems become increasingly vulnerable as charcoal extraction expands into previously undisturbed areas.
Soil degradation also emerges as an important consequence of unsustainable charcoal production. Removal of tree cover increases susceptibility to soil erosion, nutrient depletion and reduced watershed protection. Over time, these impacts undermine ecosystem productivity and rural environmental sustainability.
Molasses-based ethanol exhibits minimal domestic land-use pressure because feedstock production is linked to existing sugar processing systems rather than direct forest biomass extraction. Although industrial processing stages contribute to energy demand and emissions, these impacts are centralized and technologically manageable. The absence of direct deforestation within the ethanol pathway significantly strengthens its sustainability profile within Malawi’s environmental context. Overall, the findings confirm that charcoal’s environmental burden extends beyond atmospheric emissions to include extensive ecosystem degradation and forest carbon loss. Molasses-based ethanol, by comparison, demonstrates substantially lower ecological disruption and therefore represents a more sustainable long-term cooking fuel alternative.
[bookmark: _Toc230028589]4.2.8 Integrated Comparative Environmental Performance
To provide an overall assessment of environmental sustainability, the study integrated findings from all major impact categories including greenhouse gas emissions, indoor air pollution and cumulative energy demand and land disturbance. All results were normalized per 1 MJ of useful cooking energy delivered to ensure direct comparability between charcoal and molasses-based ethanol pathways.
The integrated analysis demonstrates that charcoal consistently performs worse than molasses-based ethanol across all environmental indicators evaluated in this study. While ethanol production involves industrial energy use and limited transport emissions associated with imported molasses, these impacts remain substantially lower than the cumulative ecological and health burdens associated with charcoal.
Table 4.8: Integrated Environmental Performance Summary
	Impact Category
	Charcoal
	Molasses-Based Ethanol
	Relative Difference

	GHG Emissions (kg CO₂-eq/MJ)
	0.28
	0.11
	Charcoal 2.5× higher

	PM₂.₅ (g/MJ)
	0.95
	0.04
	Charcoal 20× higher

	CED (MJ input/MJ useful)
	6.5
	2.7
	Charcoal 2.4× higher

	Land Disturbance (m²/MJ)
	1.5–2.0
	~0.05
	Charcoal ~35× higher



The results from Table 4.8 clearly demonstrate the overall environmental superiority of molasses-based ethanol compared to charcoal within Malawi’s urban cooking sector. Across all four impact categories, charcoal exhibits substantially greater environmental burdens than ethanol. The most significant differences are observed in indoor air pollution and land disturbance, where charcoal emissions and ecological impacts exceed ethanol by extremely large margins.
The greenhouse gas assessment shows that charcoal produces approximately three and a half times more emissions than ethanol. This difference is primarily driven by methane emissions during carbonization and carbon stock losses associated with forest harvesting. Similarly, charcoal’s particulate matter emissions are approximately twenty-four times higher than ethanol, confirming the severe indoor air pollution burden associated with traditional biomass combustion.
The cumulative energy demand results further illustrate the systemic inefficiency of charcoal production systems. Large energy losses occur during biomass harvesting, carbonization and household combustion, requiring substantially more primary energy to deliver the same cooking output achieved by ethanol. Ethanol, despite requiring industrial distillation energy, benefits from higher stove efficiency and cleaner combustion processes.
Land disturbance represents the most structurally significant divergence between the two fuels. Charcoal production directly contributes to deforestation, forest fragmentation and biodiversity decline, while molasses-based ethanol exhibits negligible domestic land-use burden because feedstock generation is linked to existing sugar industry by-products. The integrated findings also reveal important structural differences between the two fuel systems. Charcoal’s impacts are dispersed across forests, informal markets, transport systems and households, making environmental management and mitigation extremely difficult. By contrast, ethanol’s impacts are centralized within industrial production and distribution systems where technological improvements and energy optimization strategies can be implemented more effectively.
From a policy perspective, these results strongly support the expansion of molasses-based ethanol as part of Malawi’s clean cooking transition strategy. The findings suggest that promoting ethanol adoption could simultaneously reduce greenhouse gas emissions, improve household air quality, decrease deforestation pressures and enhance overall energy efficiency. Consequently, molasses-based ethanol represents a significantly more sustainable cooking fuel pathway compared to charcoal under Malawi’s current energy and environmental conditions.
[bookmark: _Toc230028590]4.2.9 Results based on Objectives
Objective 1: Identification of Critical Variables Influencing Environmental Performance.
The first objective of the study aimed to identify the major variables influencing the environmental performance of charcoal and molasses-based ethanol within Malawi’s urban cooking energy system. Results demonstrate that the two fuel systems are fundamentally different in terms of where environmental burdens originate and how these burdens are distributed throughout the life cycle. For charcoal, the most influential variables are kiln efficiency, wood-to-charcoal conversion ratios, stove thermal efficiency, forest biomass extraction rates and methane emissions during carbonization and transport distances from production sites to urban markets. Traditional earth-mound kilns were identified as the most environmentally damaging component due to their extremely low conversion efficiency, typically below 18%. This inefficiency requires large quantities of wood biomass to produce relatively small amounts of usable charcoal, thereby accelerating deforestation and increasing greenhouse gas emissions. Low household stove efficiency further increases charcoal demand because greater quantities of fuel are required to deliver the same amount of useful cooking energy. Methane emissions from incomplete carbonization were also identified as a critical contributor to charcoal’s high global warming potential.
For molasses-based ethanol, the dominant variables include distillation energy demand, industrial processing energy, molasses transport logistics, stove efficiency and fuel distribution systems. Unlike charcoal, most environmental burdens in the ethanol pathway originate from centralized industrial activities rather than ecological extraction processes. The study established that Malawi’s ethanol system relies predominantly on locally produced molasses, with Illovo supplying approximately 88.9% of total molasses inputs while imported molasses contributes only 11.1%. Consequently, transport-related emissions were significantly lower. Ethanol stoves also demonstrated substantially higher thermal efficiency compared to charcoal stoves, reducing overall fuel demand and associated environmental impacts.
Overall, the findings indicate that charcoal’s environmental impacts are structurally dispersed across forests, transport systems and households, making mitigation more difficult. In contrast, ethanol’s impacts are concentrated within industrial processes where technological improvements and energy optimization measures can be implemented more effectively.
Objective 2: To Map and Model the Life Cycle Stages from Feedstock Extraction through Processing, Distribution and End-Use Combustion
The second objective sought to map and model the complete life cycle stages of charcoal and molasses-based ethanol under a cradle-to-grave Life Cycle Assessment framework. Results reveal major structural differences between the two fuel pathways.
The charcoal pathway consists of five major stages which include forest harvesting, carbonization, transportation, urban retail distribution and household combustion. Forest harvesting contributes substantially to environmental degradation through biomass removal and forest carbon depletion. Carbonization was identified as one of the most environmentally intensive stages because traditional kilns release large quantities of methane, carbon monoxide and particulate matter during incomplete combustion. Transport emissions also contribute to the environmental burden because charcoal is commonly transported over long distances from rural forest zones to urban consumption centres. Household combustion further increases environmental and health impacts due to inefficient stove technologies and high pollutant emissions.
The molasses-based ethanol pathway follows a more centralized industrial system composed of molasses generation from sugar processing, fermentation, distillation, bottling and storage, distribution and household combustion. Because molasses is a by-product of sugar production, feedstock generation contributes minimally to additional land-use pressure within Malawi. Distillation emerged as the most energy-intensive stage due to steam and electricity requirements during ethanol processing. However, emissions from these stages remain comparatively lower than the combined ecological and combustion impacts associated with charcoal. Distribution impacts were also relatively moderate because only 11.1% of molasses inputs are imported, thereby reducing long-distance transport emissions. Household combustion in ethanol stoves demonstrated cleaner and more efficient combustion characteristics with significantly lower emissions of particulate matter and carbon monoxide.
The modelling results therefore confirm that charcoal’s environmental burden is distributed across multiple decentralized stages while ethanol’s impacts are largely concentrated within industrial systems that can be technologically optimized.
Objective 3: Assessment and Comparison of Greenhouse Gas Emissions, Indoor Air Pollution, Cumulative Energy Demand and Land-Use Change
The third objective focused on assessing and comparing major environmental indicators associated with charcoal and molasses-based ethanol. The findings consistently show that ethanol performs significantly better than charcoal across all assessed impact categories.
With respect to greenhouse gas emissions, charcoal produced substantially higher total emissions per 1 MJ of useful cooking energy delivered. The charcoal pathway generated elevated levels of carbon dioxide, methane and nitrous oxide primarily due to forest biomass extraction and inefficient carbonization processes. Methane was identified as the dominant contributor to charcoal’s global warming potential because traditional kilns release large amounts of unburned gases during production. In comparison, molasses-based ethanol recorded considerably lower greenhouse gas emissions due to cleaner combustion and lower dependence on biomass extraction. 
Indoor air pollution assessment also revealed major differences between the two fuels. Charcoal emitted significantly higher levels of particulate matter (PM₂.₅), carbon monoxide and black carbon compared to ethanol. These pollutants are strongly associated with respiratory infections, cardiovascular diseases and household air pollution exposure. Ethanol combustion, on the other hand, produced substantially lower pollutant concentrations because of its cleaner-burning chemical composition and higher stove efficiency. The results therefore indicate that adoption of ethanol could significantly reduce household exposure to harmful indoor pollutants, particularly among women and children who spend longer periods near cooking environments.
The cumulative energy demand analysis demonstrated that charcoal requires substantially higher primary energy inputs throughout its life cycle. Large amounts of biomass energy are lost during carbonization and inefficient stove combustion, making charcoal highly energy-intensive despite its widespread use. Ethanol, although requiring industrial energy during fermentation and distillation, achieved greater overall system efficiency because of higher stove performance and lower combustion losses.
Land-use change assessment produced the largest environmental contrast between the two fuel systems. Charcoal production caused significant forest disturbance, forest carbon stock loss and biodiversity pressure and soil degradation due to continuous extraction of woodland biomass. In contrast, molasses-based ethanol showed minimal domestic land-use impact because molasses is derived as a residual by-product from existing sugar processing operations rather than from dedicated land expansion. Ethanol demonstrated a substantially lower ecological footprint compared to charcoal. Overall, the findings from all objectives consistently confirm that molasses-based ethanol represents a cleaner, more energy-efficient and environmentally sustainable cooking fuel compared to charcoal within Malawi’s urban energy context.
[bookmark: _Toc230028591]4.3 Discussion of Results 
The findings of this study provide strong empirical evidence that molasses-based ethanol is environmentally superior to charcoal across all assessed life cycle impact categories within Malawi’s urban cooking sector. Using a cradle-to-grave Life Cycle Assessment framework and a functional unit of 1 MJ of useful cooking energy delivered, the results demonstrate that charcoal generates significantly higher greenhouse gas emissions, indoor air pollution and cumulative energy demand and land-use impacts than ethanol. These findings are consistent with the Environmental Sustainability Theory underpinning this study, which argues that energy systems should minimize ecological degradation, pollution and resource depletion in order to maintain long-term environmental viability. The results also align with the conceptual framework of the study which identified cooking fuel type as the independent variable influencing environmental outcomes such as greenhouse gas emissions, air pollutant emissions, energy demand and land-use change.
The greenhouse gas assessment revealed that charcoal emits substantially higher total greenhouse gas emissions than molasses-based ethanol. Charcoal produced approximately 0.28 kg CO₂-eq per MJ of useful cooking energy compared to about 0.11 kg CO₂-eq for ethanol. These results support findings from previous comparative LCA studies conducted in Sub-Saharan Africa. Afrane and Ntiamoah (2011) similarly reported that ethanol exhibited lower climate impacts than charcoal due to cleaner combustion and reduced non-CO₂ emissions. Likewise, UNIDO (2022) found that ethanol-based cooking systems produced significantly lower greenhouse gas emissions than biomass fuels under comparable cooking conditions. 
Methane emissions emerged as one of the most critical contributors to charcoal’s climate burden. Traditional charcoal production methods, particularly earth-mound kilns, release large quantities of methane during incomplete carbonization. Since methane possesses a much higher global warming potential than carbon dioxide over a 100-year period (IPCC, 2019), even relatively small quantities contribute significantly to total greenhouse gas emissions. These findings correspond with Bailis et al. (2020) and Zulu et al. (2021), who observed that inefficient charcoal production technologies are major sources of methane emissions in developing countries. The study therefore confirms that charcoal’s climate burden is not limited to direct combustion emissions but also includes upstream emissions associated with forest harvesting and carbonization. In contrast, emissions from ethanol production are mainly concentrated within industrial processing stages such as fermentation and distillation, where technological improvements can be introduced more easily.
The indoor air pollution findings also strongly support the environmental and health advantages of ethanol. The study found that charcoal emitted substantially higher levels of particulate matter (PM₂.₅), carbon monoxide and black carbon than ethanol per functional unit delivered. PM₂.₅ emissions from charcoal were nearly twenty times higher than those from ethanol while carbon monoxide emissions were similarly elevated. These results are consistent with WHO (2021), which identifies traditional biomass fuels as major contributors to household air pollution and respiratory diseases in low-income countries. The findings also align with UNIDO (2022), which reported that ethanol stoves significantly reduce indoor air pollutant concentrations due to cleaner combustion characteristics.
The health implications of these findings are particularly important within Malawi’s urban context where cooking commonly occurs in poorly ventilated indoor spaces. Women and children are disproportionately exposed to charcoal smoke because they spend more time near household cooking environments. Exposure to PM₂.₅ and carbon monoxide has been associated with acute respiratory infections, chronic obstructive pulmonary disease, cardiovascular illnesses and premature mortality (WHO, 2021). Therefore, the results suggest that transitioning from charcoal to ethanol could produce substantial public health benefits in addition to environmental improvements. Ethanol’s cleaner combustion profile aligns closely with WHO clean cooking standards which emphasize reduced emissions and improved indoor air quality. The findings therefore support the conceptual framework of the study by demonstrating how fuel choice directly influences environmental and human health outcomes.
The cumulative energy demand analysis further revealed major inefficiencies within Malawi’s charcoal value chain. Delivering 1 MJ of useful cooking energy through charcoal required significantly higher primary energy inputs compared to ethanol. These inefficiencies stem from low kiln conversion efficiency, high wood-to-charcoal ratios and poor stove performance. Large quantities of biomass energy are lost during carbonization and household combustion, making charcoal highly energy-intensive despite its widespread use. Similar findings were reported by Chidumayo and Gumbo (2020), who observed that traditional charcoal systems in Sub-Saharan Africa waste substantial amounts of biomass energy during production.
By comparison, ethanol demonstrated considerably lower cumulative energy demand because of higher stove efficiency and more efficient combustion characteristics. Although ethanol production requires industrial energy inputs for distillation, these processes occur within centralized facilities where energy optimization measures can be implemented. This finding supports the argument advanced by Hauschild et al. (2018) that modern biofuel systems offer greater opportunities for technological improvement compared to traditional biomass systems. The results therefore suggest that ethanol’s environmental performance can improve further through renewable energy integration, waste heat recovery and industrial efficiency upgrades. Charcoal systems, however, it remains structurally inefficient because environmental burdens are dispersed across forests, transport systems and households, making large-scale optimization more difficult.
Land-use change and forest carbon impacts represented the most structurally significant difference between the two fuels. The study established that charcoal production causes substantial forest disturbance, carbon stock depletion and biodiversity pressure and soil degradation due to continuous woodland harvesting. Approximately 1.5–2.0 m² of woodland area was disturbed per MJ of useful cooking energy delivered through charcoal. These findings support earlier research by Kambewa and Chiwaula (2010), which linked charcoal dependence in Malawi to accelerating deforestation and forest degradation. Similarly, FAO (2022) emphasized that unsustainable biomass harvesting contributes significantly to land degradation and biodiversity decline in Sub-Saharan Africa.
The ecological implications extend beyond direct biomass removal. Forest carbon stock depletion reduces the long-term carbon sequestration capacity of ecosystems, thereby amplifying climate impacts beyond immediate combustion emissions. Woodland fragmentation also threatens biodiversity by disrupting habitats and ecological connectivity. Soil degradation and erosion further undermine ecosystem resilience and agricultural productivity. These findings therefore reinforce the Environmental Sustainability Theory, which emphasizes the importance of preserving ecological systems for future generations.
Molasses-based ethanol exhibited minimal domestic land-use impacts because molasses is generated as a by-product of sugar processing rather than through dedicated land expansion. This result strengthens ethanol’s sustainability profile within Malawi’s environmental context. Unlike charcoal, ethanol production does not directly depend on forest biomass extraction and therefore avoids many of the ecological externalities associated with deforestation. The findings indicate that ethanol’s environmental challenges are mainly industrial and technological rather than ecological. This distinction is important because industrial impacts can often be reduced through policy interventions, cleaner energy technologies and infrastructure improvements.
The results also carry important policy implications for Malawi’s clean cooking transition strategy. Malawi continues to rely heavily on charcoal due to limited access to affordable alternative fuels and unreliable electricity supply. However, the findings demonstrate that continued dependence on charcoal is environmentally unsustainable and poses serious long-term climate, ecological and public health risks. The study therefore supports ongoing government and international efforts aimed at promoting cleaner cooking technologies and alternative fuels. Expanding ethanol production and distribution systems could significantly reduce pressure on forests while simultaneously improving household air quality and reducing greenhouse gas emissions.
Investments in domestic ethanol infrastructure, improved stove dissemination and supportive policy frameworks could therefore accelerate Malawi’s transition toward sustainable urban cooking systems. Overall, the findings confirm that molasses-based ethanol represents a cleaner, more efficient and environmentally sustainable alternative to charcoal within Malawi’s urban energy landscape.
[bookmark: _Toc230028592]4.4 Chapter Four Summary
This chapter presented and discussed the findings of the comparative Life Cycle Assessment of charcoal and molasses-based ethanol as cooking fuels in Malawi. Using a functional unit of 1 MJ of useful cooking energy delivered, the results demonstrated that charcoal produces substantially higher greenhouse gas emissions, indoor air pollution, cumulative energy demand and land-use impacts than ethanol across all assessed environmental indicators. The study established that charcoal’s environmental burden is driven by low kiln efficiency, high wood-to-charcoal conversion ratios and methane emissions during carbonization, inefficient stove performance and continuous forest biomass extraction.
In contrast, molasses-based ethanol demonstrated significantly lower environmental impacts due to cleaner combustion, higher stove efficiency and minimal domestic land-use disturbance. 
Overall, the findings confirm that ethanol represents a more environmentally sustainable and energy-efficient cooking fuel compared to charcoal within Malawi’s urban energy system. The chapter therefore provides strong empirical evidence supporting Malawi’s clean cooking transition agenda. Chapter Five presents the study conclusions and recommendations derived from these findings.
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[bookmark: _Toc230028595]5.1 Introduction 
This chapter presents the conclusions and recommendations of the study entitled “Comparative Life Cycle Assessment of Charcoal and Molasses-Based Ethanol as Cooking Fuels in Malawi’s Urban Areas.” The chapter synthesizes the major findings generated through the comparative Life Cycle Assessment (LCA) of the two cooking fuel systems using secondary data obtained from government reports, forestry statistics, industrial production data, IPCC emission factors, FAO databases and WHO clean cooking datasets.
The purpose of the study was to evaluate and compare the environmental performance of charcoal and molasses-based ethanol using a cradle-to-grave framework normalized to 1 MJ of useful cooking energy delivered. The assessment focused on major environmental indicators including greenhouse gas emissions, indoor air pollution and cumulative energy demand and land-use impacts. The chapter therefore presents the study conclusions according to the research objectives, highlights policy and sustainability implications, provides recommendations for practice and policy, identifies areas for future research and concludes the dissertation.
[bookmark: _Toc230028596]5.2 Summary of the Study
The study was motivated by Malawi’s continued dependence on charcoal as the dominant urban cooking fuel despite growing concerns regarding deforestation, greenhouse gas emissions, indoor air pollution and ecosystem degradation. At the same time, ethanol has increasingly been proposed as a cleaner alternative fuel capable of reducing environmental and health burdens associated with traditional biomass use. However, prior to this study, no comprehensive cradle-to-grave Life Cycle Assessment had systematically compared charcoal and molasses-based ethanol within Malawi’s urban context using updated national production data and environmental indicators.
The study therefore adopted a quantitative comparative research design grounded in the ISO 14040/14044 Life Cycle Assessment framework. A cradle-to-grave system boundary was employed to capture all major stages of each fuel pathway, including feedstock extraction or generation, processing, transportation, distribution and end-use combustion. The functional unit of 1 MJ of useful cooking energy delivered was selected to ensure comparability between the two fuel systems.
The assessment focused on three major objectives: identifying the critical variables influencing environmental performance, mapping and modelling life cycle stages for each fuel pathway and comparing environmental impacts across greenhouse gas emissions, indoor air pollution, cumulative energy demand and land-use change indicators. The findings consistently demonstrated that molasses-based ethanol performs significantly better than charcoal across all assessed environmental categories.
[bookmark: _Toc230028597]5.3 Conclusions of the Study
The first objective sought to identify the critical variables shaping the environmental performance of charcoal and molasses-based ethanol. The study concludes that charcoal and ethanol differ fundamentally in the structure and distribution of environmental burdens across their life cycles.
For charcoal, the most influential variables include low kiln efficiency, high wood-to-charcoal conversion ratios, inefficient stove performance, forest biomass extraction, methane emissions during carbonization and long transport distances from production zones to urban markets. Traditional earth-mound kilns were identified as particularly inefficient, requiring large quantities of wood biomass to produce relatively small quantities of charcoal. These inefficiencies significantly increase greenhouse gas emissions, forest degradation and energy losses throughout the charcoal value chain. The study further concludes that methane emissions from incomplete carbonization represent one of the largest contributors to charcoal’s global warming potential. Low stove efficiency also increases fuel consumption, thereby intensifying pressure on forests and increasing pollutant emissions during household combustion.
For molasses-based ethanol, the critical variables are concentrated primarily within industrial and technological systems. These include distillation energy demand, industrial processing energy, molasses transport logistics, distribution systems and stove efficiency. Ethanol’s environmental impacts are therefore centralized and technologically manageable compared to charcoal’s dispersed ecological burdens. The study concludes that ethanol’s higher stove efficiency and cleaner combustion characteristics significantly reduce fuel demand and pollutant emissions relative to charcoal. Consequently, ethanol represents a more environmentally controllable and technologically improvable cooking fuel system.
The second objective aimed to map and model the life cycle stages of charcoal and molasses-based ethanol under a cradle-to-grave framework. The study concludes that the charcoal pathway is environmentally intensive across nearly every stage of the life cycle.
The charcoal system involves forest harvesting, carbonization, transportation, urban retail distribution and household combustion. Forest harvesting contributes directly to deforestation and carbon stock depletion, while carbonization releases substantial quantities of methane, carbon monoxide and particulate matter due to inefficient kiln technologies. Transportation contributes additional fossil fuel emissions because charcoal is commonly transported over long distances to urban centers. Household combustion further increases environmental and health impacts because traditional charcoal stoves operate inefficiently and emit high levels of pollutants.
By comparison, the molasses-based ethanol pathway follows a more centralized industrial structure involving molasses generation from sugar processing, fermentation, distillation, bottling and storage, distribution and household combustion. Since molasses is a by-product of sugar processing, feedstock generation creates minimal additional land-use pressure within Malawi. Although distillation requires significant industrial energy inputs, these impacts remain substantially lower than the combined ecological and combustion burdens associated with charcoal. The study therefore concludes that ethanol’s life cycle impacts are mainly industrial and technologically manageable, while charcoal’s impacts are ecologically embedded and structurally difficult to mitigate.
The third objective focused on comparing greenhouse gas emissions, indoor air pollution and cumulative energy demand and land-use impacts between charcoal and molasses-based ethanol. The study concludes that charcoal produces substantially higher greenhouse gas emissions than molasses-based ethanol per 1 MJ of useful cooking energy delivered. Charcoal emitted approximately 0.28 kg CO₂-eq compared to about 0.11 kg CO₂-eq for ethanol. The largest contribution to charcoal’s emissions originated from methane released during carbonization and carbon stock losses associated with forest harvesting.
The study further concludes that ethanol’s lower emissions are attributable to cleaner combustion characteristics, higher stove efficiency and lower dependence on forest biomass extraction. 
On Air pollution, the study concludes that charcoal generates significantly higher levels of indoor air pollutants than ethanol. Charcoal emitted substantially higher concentrations of PM₂.₅, carbon monoxide and black carbon compared to ethanol. These pollutants are strongly associated with respiratory infections, cardiovascular diseases and household air pollution exposure. Ethanol demonstrated considerably cleaner combustion characteristics with significantly lower indoor pollutant emissions. The study therefore concludes that adoption of ethanol could substantially reduce household air pollution exposure, particularly among women and children who are disproportionately exposed to cooking smoke.
On Cumulative Energy Demand, the study concludes that charcoal is highly energy inefficient compared to ethanol. Large amounts of biomass energy are lost during carbonization and inefficient stove combustion, resulting in significantly higher cumulative energy demand throughout the charcoal life cycle. Although ethanol production requires industrial energy for fermentation and distillation, higher stove efficiency and cleaner combustion reduce overall energy losses. Consequently, ethanol demonstrated superior system-wide energy efficiency compared to charcoal.
On Land-Use Change and Ecological Impacts, the study concludes that charcoal production causes significant land-use change, forest carbon depletion and biodiversity pressure and soil degradation within Malawi’s woodland ecosystems. Continuous forest biomass extraction for charcoal production contributes directly to deforestation and ecosystem degradation. Molasses-based ethanol exhibited minimal domestic land-use burden because molasses is generated as a by-product of sugar processing rather than from dedicated land expansion. The study therefore concludes that ethanol possesses a substantially lower ecological footprint than charcoal within Malawi’s environmental context.
Overall, the study concludes that molasses-based ethanol is significantly more environmentally sustainable than charcoal across all assessed environmental indicators within Malawi’s urban cooking sector. Even after accounting for industrial processing energy and transport emissions, ethanol demonstrated lower greenhouse gas emissions, lower indoor air pollution, lower cumulative energy demand and negligible land-use impacts compared to charcoal.
Charcoal’s environmental burden is cumulative, ecological and structurally dispersed across forests, transportation systems and households. These impacts include deforestation, methane emissions, indoor air pollution, biodiversity loss and inefficient energy conversion. Ethanol’s impacts, by contrast, are centralized within industrial systems where technological optimization and renewable energy integration are feasible. The study therefore concludes that expanding ethanol-based cooking systems represents a viable pathway toward achieving cleaner cooking transitions, reducing environmental degradation and improving public health outcomes in Malawi.
[bookmark: _Toc230028598]5.4 Recommendations
Recommendations to Government. The Government of Malawi should strengthen national clean cooking policies aimed at reducing dependence on charcoal and promoting cleaner alternative fuels such as ethanol. This can be achieved through tax incentives, subsidies for ethanol stoves and investment in domestic ethanol infrastructure.
The government should also strengthen regulation and monitoring of charcoal production to reduce unsustainable forest harvesting and encourage adoption of improved kiln technologies. Forestry management policies should integrate clean cooking strategies to address deforestation and ecosystem degradation simultaneously. In addition, the government should promote renewable energy integration within ethanol production facilities to further reduce industrial emissions associated with distillation processes.
Recommendations to Private Sector and Industry. Private sector actors should invest in expanding ethanol production, distribution and storage infrastructure within urban centers to improve fuel accessibility and affordability. Ethanol stove manufacturers and distributors should also expand dissemination programs aimed at increasing household adoption of cleaner cooking technologies. Industrial producers should further improve energy efficiency within fermentation and distillation processes through adoption of renewable energy systems, waste heat recovery technologies and cleaner production strategies.
Recommendations to Development Partners and NGOs. Development partners and non-governmental organizations should support awareness campaigns promoting the environmental and health benefits of cleaner cooking fuels. Public education initiatives should target urban households, particularly women and vulnerable groups heavily affected by indoor air pollution. NGOs should also support financing mechanisms that improve household access to ethanol stoves and cleaner fuel technologies.
Recommendations to Households and Communities. Urban households should gradually transition toward cleaner cooking fuels such as ethanol in order to reduce exposure to harmful indoor air pollutants and contribute to environmental conservation efforts. Communities should also support sustainable forest management practices and discourage illegal charcoal production activities contributing to woodland degradation.
[bookmark: _Toc230028599]5.5 Areas for Further Research
This study relied exclusively on secondary data due to the methodological requirements of Life Cycle Assessment and availability of national datasets. Future studies should therefore incorporate primary household surveys and real-time stove performance measurements to validate findings under actual household cooking conditions.
Further research should also assess the economic affordability and social acceptability of ethanol cooking systems among different income groups in Malawi. Comparative studies involving additional clean cooking fuels such as LPG, biogas and electricity could also provide broader insights into sustainable household energy transitions. Finally, future research should examine long-term policy scenarios and economic modelling related to scaling up domestic ethanol production and reducing charcoal dependence nationwide.
[bookmark: _Toc230028600]5.6 Chapter Summary
This chapter presented the conclusions and recommendations of the study. The findings demonstrated that molasses-based ethanol performs significantly better than charcoal across all major environmental indicators including greenhouse gas emissions, indoor air pollution and cumulative energy demand and land-use impacts. Charcoal’s environmental burden is primarily driven by inefficient production systems, forest biomass extraction and high pollutant emissions, while ethanol’s impacts remain comparatively lower and technologically manageable.
The study concludes that ethanol represents a cleaner, more energy-efficient and environmentally sustainable cooking fuel alternative for Malawi’s urban areas. Recommendations focused on strengthening clean cooking policies, expanding ethanol infrastructure, promoting cleaner stove technologies and supporting sustainable forest management. Areas for future research were also identified to support continued evidence generation for Malawi’s clean cooking transition.
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[bookmark: _Toc230028603]Appendix 1: Project Timeline
	ACTIVITIES
	MONTHS

	
	August, 2025
	September, 2025
	October, 2025
	November, 2025

	Proposal writing
	
	
	
	

	Proposal presentation
	
	
	
	

	Ethical approval
	
	
	
	

	Data collection
	
	
	
	

	Data analysis
	
	
	
	

	Thesis writing and presentation

	
	
	
	


Table 1: Gantt chart






[bookmark: _Toc230028604]Appendix 2: Budget
The budget for the study is as follows:
	Item
	Cost (MK)

	Materials and Supplies
Stationery
Research Materials
Miscellaneous Supplies
	

	Travel and Transportation
	

	Data collection and Analysis
Survey tools and Software
Data Analysis Services
	

	Miscellaneous Expenses
	

	Grand Total
	



Molasses Supply Composition for Ethanol Production in Malawi

Percentage	[VALUE]
[VALUE]

Local molasses (Illovo)	Imported molasses	0.88900000000000001	0.111	


Charcoal	[VALUE]
[VALUE]
[VALUE]
[VALUE]

Feedstock/Harvesting	Processing	Transport	Combustion	0.35	0.3	0.15	0.2	


Molasses-Based Ethanol	
Feedstock/Harvesting	Fermentation	Distillation	Transport 	&	 Distribution	Bottling 	&	 Storage	Combustion	0.03	0.18	0.32	0.25	0.1	0.12	Stages


Amount (%)



GHG Emission (Charcoal vs Molasses - Based Ethanol)

Charcoal	
CO₂	CH₄	N₂O	0.18	0.08	0.02	Molasses-Based Ethanol	
CO₂	CH₄	N₂O	7.0000000000000007E-2	0.02	0.02	Emission Sources


Amount




PPM Comparison

Charcoal	PM₂.₅ (g/MJ)	CO (g/MJ)	Black Carbon (g/MJ)	0.95	1.1499999999999999	5.5E-2	Molasses-Based Ethanol	PM₂.₅ (g/MJ)	CO (g/MJ)	Black Carbon (g/MJ)	0.04	7.0000000000000007E-2	3.0000000000000001E-3	Indicator


Amount




Total Cummulative Energy Demand

Charcoal	Feedstock/Harvest	Processing	Transport	Combustion Losses	1.8	2.1	0.6	2	Molasses-Based Ethanol	Feedstock/Harvest	Processing	Transport	Combustion Losses	0.2	1.1000000000000001	0.9	0.5	Life Cycle Stage


Cummulative Energy
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