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ABSTRACT 

	Aims: This study assessed the carbon emissions from cassava processing practices (garri, fufu, pupuru) in South West Nigeria, with a focus on energy sources used and their environmental impacts.
Study design:  A multi-stage sampling procedure was used.
Place and Duration of Study: The study was conducted in the South West region of Nigeria
Methodology: Data were collected through a structured interview schedule from 270 cassava processors. The carbon footprint was estimated using the Simple Online Carbon Calculator developed by the National Energy Foundation. 
Results: All (100%) respondents used firewood due to affordability and accessibility. Garri processing emerged as the most carbon-intensive, emitting a total of 2,908,436kg CO₂e, primarily from firewood use during frying. This translates to 6,343.13 kg CO₂e per kilogram of garri. Fufu followed with 1,030,913 kg CO₂e (1,555.66 kg CO₂e/kg) and pupuru was the least polluting at 220,613 kg CO₂e (986.50 kg CO₂e/kg). 
Conclusion: Cassava processing, particularly garri frying, contributes heavily to carbon emissions and environmental degradation in South West Nigeria. There is an urgent need to address the unsustainable reliance on firewood and fossil fuels. Adoption of renewable energy technologies such as solar, gas fryers), government incentives for clean energy, and enhanced extension education on sustainable practices are imperative. Targeted interventions will support Nigeria’s climate commitments while ensuring food and livelihood security.
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1. INTRODUCTION	
The rapid advancement of global economies and the increasing industrialization of agrarian sectors have exacerbated concerns over carbon emissions, particularly in developing countries where agricultural processing heavily relies on non-renewable energy sources (Ajong et al, 2024). In Nigeria, cassava (Manihot esculenta) stands out as a crucial food security crop, with its cultivation and processing deeply embedded in the socioeconomic fabric of rural communities (Onyediako & Adiele, 2022). As the world's largest producer of cassava (Onyediako & Adiele, 2022), Nigeria’s cassava processing activities especially in the South West region likely contributes significantly to environmental degradation through deforestation, fuelwood consumption, and fossil fuel use (Ume et al, 2020).
Cassava processing, while vital for livelihoods, presents a paradox: it alleviates hunger and supports economic development, yet poses severe environmental risks (Bahar et al, 2020). The core challenge lies in the types of energy used across various stages of processing, including peeling, grating, dewatering, and frying. Each of these stages, particularly the traditional methods relying on wood and diesel, produces considerable carbon emissions. Garri (a toasted cassava product), pupuru (smoked cassava balls) and fufu are the major products of these processing activities in south west Nigeria. The environmental implications of these activities must be thoroughly understood, as Nigeria strives to balance food security needs with environmental sustainability.
The United Nations' 2030 Agenda for Sustainable Development highlights the pressing need for integrated solutions that address economic, social, and environmental challenges (United Nations, 2024). Specifically, Goal 13 (Climate Action) and Goal 15 (Life on Land) call for substantial efforts to combat climate change and its impacts, particularly through the reduction of greenhouse gas emissions. In this context, the cassava processing industry in Nigeria becomes a critical area for intervention, both in terms of policy formulation and the promotion of sustainable practices.
This study investigates the carbon emissions associated with cassava processing activities in South West Nigeria. By focusing on the nexus between energy use and environmental degradation, it provides a comparative analysis of the carbon footprint from processing key cassava products. The findings aim to guide policymakers and stakeholders in developing targeted interventions that reduce the environmental impact of cassava processing, while promoting the adoption of more sustainable energy sources such as electricity, gas, and solar energy. Ultimately, this study contributes to the broader discourse on how to achieve a balance between food security, livelihood sustenance, and environmental conservation in the agricultural sector.
The primary objective of this study is to assess the environmental impact of cassava processing activities in South West Nigeria, with a specific focus on carbon emissions resulting from the use of various energy sources. The study aims to provide insights into the sustainability of current processing practices and identify opportunities for reducing the environmental footprint associated with cassava processing. The specific objectives were to:
1. identify and analyze the different processing practices used by rural cassava processors, including the types and quantities of energy sources employed across various stages of cassava processing (e.g., peeling, grating, dewatering, and frying); and
2. estimate the carbon emissions associated with each processing stage for different cassava products, such as garri, fufu, and pupuru, by calculating the carbon footprint of the fuels and energy sources utilized.
Theoretical framework
The theoretical foundation of this study draws on two major frameworks: the Sustainability Theory of Environment and the Human Ecology Theory. These theories are integral in understanding the interrelationship between cassava processing activities, energy use, and their environmental impacts in rural Nigeria. Additionally, the Carbon Footprint Concept is applied to quantify and evaluate the environmental impact of cassava processing activities, with particular emphasis on carbon emissions.
 1. Sustainability Theory of Environment
The Sustainability Theory of Environment underpins this study by emphasizing the need for development that meets current needs without compromising future generations’ ability to meet theirs (Encyclopedia Britannica, 2024a). Popularized through the Brundtland Commission's report “Our Common Future” (1987), sustainable development is understood as a balance between economic, social, and environmental pillars (Encyclopedia Britannica, 2024b). The application of this theory in the context of cassava processing examines how traditional practices, reliant on non-renewable energy sources like firewood and fossil fuels, contribute to environmental degradation.
Cassava is a staple crop that plays a crucial role in food security and livelihood in Nigeria. However, as cassava processing expands to meet the increasing demand for food, the unsustainable use of resources, particularly energy, raises concerns about its long-term environmental impacts. The Sustainability Theory suggests that cassava processing should evolve by integrating energy-efficient and environmentally-friendly technologies, reducing carbon emissions, and preserving natural resources such as forests.
The transition to sustainable practices in cassava processing requires a shift from traditional energy sources to renewable alternatives like solar, electricity, or gas. This shift aligns with the broader goals of sustainable development, as articulated by the United Nations’ 2030 Agenda for Sustainable Development, particularly Goal 13 (Climate Action) and Goal 15 (Life on Land).
 2. Human Ecology Theory
Human Ecology Theory explores the complex interactions between humans and their environment (Sigmaearth, 2024). It views individuals and communities as both biological organisms and social beings that adapt to their physical, social, and cultural milieus. In the context of cassava processing in South West Nigeria, this theory emphasizes the relationship between rural processors and their surrounding environment, particularly how their activities influence, and are influenced by, ecological systems.
The theory is particularly relevant in understanding how cassava processors interact with their environment by utilizing natural resources such as fuelwood for processing activities. Human ecological systems are seen as energy transformation systems, where rural households and communities transform natural resources (such as wood and fossil fuels) into energy for food production (Wang & Azam, 2024). This process, however, is not without consequence, as the overreliance on these resources leads to deforestation, pollution, and increased carbon emissions.

This framework underscores the importance of adaptation—how cassava processors can adjust their practices to minimize environmental impact. By promoting the use of sustainable energy technologies (e.g., solar fryers, gas-powered processing equipment), rural communities can reduce their ecological footprint and achieve a more balanced interaction with their environment. The Human Ecology Theory highlights the need for integrated solutions that balance energy consumption with environmental conservation.
 3. Carbon Footprint Concept
The Carbon Footprint Concept provides a quantifiable measure of the environmental impact of cassava processing activities. According to Sala & Picallo-Perez (2020), a carbon footprint is the total amount of carbon dioxide (CO2) and other greenhouse gases (GHGs) emitted directly or indirectly by human activities, often expressed as carbon dioxide equivalent (CO2e). This concept is particularly useful in assessing the environmental sustainability of energy consumption patterns in cassava processing.
In the case of cassava processing in South West Nigeria, the Carbon Footprint Concept helps estimate the emissions from various energy sources used in processing stages such as frying, grating, and cooking. By quantifying the carbon footprint associated with each stage, the study can identify which cassava products and processing practices contribute most to carbon emissions. 
The concept of the carbon footprint is crucial for advocating the adoption of cleaner energy sources, such as solar or gas-powered systems, which could significantly reduce the carbon footprint of cassava processing. Moreover, the use of carbon footprint calculators; tools that estimate CO2 emissions based on energy consumption, provides a scientific basis for measuring and mitigating the environmental impact of rural agricultural practices (Carbon Footprint, 2024).
The integration of these theories offers a holistic approach to analyzing the environmental impacts of cassava processing in South West Nigeria. These frameworks help elucidate the interconnectedness between energy use, environmental sustainability, and community livelihoods. They also guide the identification of sustainable solutions that balance the need for food security and economic development with the imperative to reduce carbon emissions and protect the environment.

2. methodology
The study was conducted in the South West region of Nigeria, which includes six states: Ekiti, Lagos, Ogun, Ondo, Osun, and Oyo. Specifically, the research focused on cassava processing clusters in Ogun, Ondo, and Osun states due to their high levels of cassava processing activities. The South West region lies between longitude 2°31' and 6°00' East and latitude 6°21' and 8°37' North, covering a total land area of 77,818 km². The region has a tropical climate, making it ideal for cassava cultivation and processing. The selected states as shown on figure 1 are well-known for their extensive involvement in cassava production, with numerous processing clusters scattered across rural areas.
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Figure 1. Map of South Western States showing the study area
Source: Adapted from Nigeria map (Google Map, 2020)

Study Population
The population for this study consisted of rural cassava processors engaged in the production of cassava-based products, such as garri, fufu, and pupuru, in South West Nigeria. These processors were typically smallholder farmers who rely on traditional methods of processing, often using firewood and fossil fuels as energy sources. The study targeted both male and female processors, with a specific focus on their processing practices and energy consumption patterns.
Sampling Techniques and Sample Size
A multistage sampling procedure was employed to select respondents for the study:
In Stage 1, three states (Ogun, Ondo, and Osun) were randomly selected from the six states in South West Nigeria based on their high levels of cassava processing activities. In stage 2, one Local Government Area (LGA) from each of the three senatorial districts in the selected states was purposively chosen, making a total of nine LGAs. The selection was based on the concentration of cassava processing clusters in these areas. In stage 3, three cassava processing clusters were purposively selected from each LGA based on their processing activities, resulting in 27 processing clusters. In stage 4, a random sampling method was used to select 10 cassava processors from each cluster, leading to a total sample size of 270 respondents.
Data were collected using a structured interview schedule designed to capture both quantitative and qualitative data. The interview schedule contained open and closed-ended questions, which were administered to the selected cassava processors with the help of trained enumerators. The schedule covered the following key areas like cassava processing practices, including the type of products processed (garri, fufu, pupuru), methods used, and energy sources. Also energy consumption patterns, focusing on the quantity of fuelwood, diesel, petrol, and electricity used in various stages of cassava processing and carbon emissions from cassava processing activities, using a carbon footprint calculator to estimate the amount of carbon dioxide (CO2) emitted based on energy usage.
The carbon footprint was estimated using the Simple Online Carbon Calculator developed by the National Energy Foundation (RETTI, 2024). The amount of fuel used for each processing activity was measured and inputted into the calculator to estimate the CO2 emissions. 
Both descriptive and inferential statistics were employed to analyze the data. The following analyses were conducted:
1. Energy consumption measurement: The amount of energy (e.g., firewood in kilograms, petrol in liters, diesel in liters, and electricity in kilowatts) used during various processing activities was calculated. This was done using weighing scales and measuring cylinders for fuelwood, and fuel gauges for petrol and diesel.
   2. Carbon footprint estimation: The carbon footprint of cassava processing activities was estimated based on the amount of energy consumed. The carbon emissions were calculated in terms of kilograms of CO2 equivalent (kgCO2e), using the carbon footprint calculator. Each processing stage, such as peeling, grinding, frying, and cooking, was analyzed to determine its carbon contribution.
3. Comparison of carbon emissions: The study compared carbon emissions across different cassava products (garri, fufu, and pupuru) to identify which products and stages of processing contributed the most to environmental pollution.
.
3.0	Results and discussion
3.1	Cassava Processing Practices and Energy Use
 The study identified the key stages in cassava processing for products such as garri, fufu, and pupuru. Each of these products requires varying levels of energy input across stages like peeling, washing, grating, dewatering, and frying. Among the products, garri was the most commonly processed, as it requires significant energy during frying—a stage that consumes large amounts of firewood (Onuche et al, 2024). For pupuru, the energy-intensive process involved the smoking of cassava balls, while for fufu, cooking required substantial energy input. Most respondents relied on traditional energy sources such as firewood (in kilograms) and fossil fuels like petrol and diesel (in liters) for these processes. Figure 2 revealed that everyone (100%) of the processors used firewood, petrol and diesel respectively as sources of energy for their processing activities while none utilized gas or electricity, largely due to the lack of infrastructure and financial resources. 



Figure 2: Respondent’s Sources of Energy for Cassava Processing

The study also revealed that an average of 458.1kg of garri was produced weekly by the respondents in the study area. It was further revealed that an average of 662.7kg of fufu was produced, while an average of 223.6kg of pupuru was produced weekly. 

Table 1: Output of Cassava products by Respondents
	Cassava Product
	Weekly Mean Production (kg)

	Garri
	458.1

	Fufu
	662.7

	Pupuru
	223.6




3.2	Carbon Footprint from Cassava Processing Activities
Table 2 presents the quantity of energy used and the corresponding carbon dioxide (CO2) emissions associated with the processing activities of three cassava products: garri, pupuru, and fufu. The analysis on this table reveals critical insights into the environmental impacts of cassava processing, particularly concerning energy consumption and emissions at various stages.
3.2.1	Energy Use and CO2 Emissions in Garri Processing
Peeling: Table 2 reveal that minimal emissions were recorded from peeling, with petrol use resulting in 13 kg CO2e. This indicates some level of mechanization among some respondents who require petrol or gasoline to power those engines for peeling activities. This is relatively low compared to other stages, as peeling is typically a manual operation that does not require significant energy input.
Washing: Washing contributed 11 kg CO2e, with emissions coming from both petrol and electricity usage. This stage also does not have a significant environmental impact compared to others.
Grinding: This stage showed considerable energy usage, resulting in 1,625 kg CO2e due to a high quantity of petrol and diesel consumed. Grinding is essential for cassava processing, contributing significantly to the overall carbon footprint.
 Pre-Frying Grinding: Before frying, this stage added 791 kg CO2e, primarily due to petrol consumption. The grinding process before frying indicates a substantial pre-frying energy requirement.
Frying: This stage is the most carbon-intensive for garri, emitting an astonishing 2,905,996 kg CO2e. The use of 52,359.5 kg of wood contributes heavily to this high emission figure, reflecting the reliance on firewood as the primary energy source for frying. This demonstrates that frying garri not only consumes significant energy but also leads to major environmental concerns due to high carbon emissions.
3.2.2	Energy Use and CO2 Emissions in Pupuru Processing
Frying: The frying process for pupuru recorded 220,613 kg CO2e, which is significantly lower than that of garri. The energy use of 3,975 kg of wood indicates a lower overall energy requirement than garri's frying stage. This is because the frying is briefly done to reduce the moisture content to enable good storage. This suggests that pupuru processing is less environmentally harmful in terms of carbon emissions than garri processing.
 Grinding: The grinding stage for pupuru yielded 393 kg CO2e from the use of diesel. This indicates that while pupuru processing involves some energy consumption, it is notably lower compared to garri.
3.2.3	Energy Use and CO2 Emissions in Fufu Processing
Cooking/Solidification: The most significant emission during fufu processing came from the cooking/de-watering stage, where the paste is made solid, generating 55,500 kg CO2e from the use of 1,000 kg of energy. This stage primarily relies on heat to dewater and solidify the cassava paste, which reflects some degree of energy consumption that impacts the overall carbon footprint. Other stages like peeling, washing, and soaking for fufu showed no recorded emissions, indicating that these processes are manual and involve no energy use.


	
	Table 2: Respondent’s Quantity of Energy Used and Estimated CO2 Emission in Cassava Processing 

	

	Processing activities
	Quantity of Energy Used / CO2 Emission
	Total CO2 Emission

	
	Wood
	Petrol 
	Diesel 
	

	
	Kg
	kgCO2e
	Kg
	kgCO2e
	Kg
	kgCO2e
	

	Garri
	
	
	
	
	
	
	

	Peeling
	-
	-
	6
	13
	-
	-
	13

	Washing
	-
	-
	2
	4
	2.5
	7
	11

	Grinding
	-
	-
	363
	798
	316.5
	827
	1625

	Fermentation
	-
	-
	-
	-
	-
	-
	 

	De-watering
	-
	-
	-
	-
	-
	-
	 

	Pre-Frying Grinding
	-
	-
	296.5
	651
	53.5
	140
	791

	Frying
	52,359.5
	2,905,952
	20
	44
	-
	-
	2,905,996

	Total 
	
	
	
	
	
	
	2,908,436

	Pupuru
	

	Peeling
	-
	-
	-
	-
	-
	-
	 

	Washing
	-
	-
	-
	-
	-
	-
	 

	Soaking
	-
	-
	-
	-
	-
	-
	 

	Packing in Sacks/Fermentation
	-
	-
	-
	-
	-
	-
	 

	Grinding
	-
	-
	179
	393
	-
	-
	393

	Moulding
	-
	-
	-
	-
	-
	-
	 

	Frying
	3,975
	220,613
	-
	-
	-
	-
	220,613

	Total
	
	
	
	
	
	
	221, 006

	Fufu
	

	Peeling
	-
	-
	-
	-
	-
	-
	 

	Washing
	-
	-
	-
	-
	-
	-
	 

	Soaking
	-
	-
	-
	-
	-
	-
	 

	Cooking
	1,000
	55,500
	-
	-
	-
	-
	55,500

	Total
	
	
	
	
	
	
	55, 500


3.3	Comparative Analysis of Carbon Emissions
The data on Table 2, indicates that garri processing is the most carbon-intensive, primarily due to the frying stage. This stage alone contributes the vast majority of emissions, underscoring the urgent need to explore alternative energy sources or methods to reduce reliance on firewood. Gas powered fryers have been introduced to processors, but the cheaper fuel wood (sometimes at no cost) makes that option less attractive as it increases cost of production
Pupuru has the lowest carbon emissions of the three products, suggesting that its processing methods are more efficient in terms of energy consumption and therefore less detrimental to the environment.
Fufu processing emissions are minimal compared to garri but still significant, especially at the cooking/solidification stage. This indicates that even less energy-intensive products require attention to improve sustainability.
The findings from this table highlight the critical need for interventions aimed at reducing carbon emissions in cassava processing. The reliance on firewood, particularly during the frying of garri, poses substantial environmental challenges. 

Moving towards cleaner energy sources (e.g., electricity, gas, or solar) for frying and other energy-intensive processes can significantly mitigate carbon emissions.
Additionally, enhancing the efficiency of grinding and other stages through improved technologies or practices could further reduce emissions. Education and training for processors on sustainable practices and energy-efficient technologies would also be beneficial in promoting environmentally friendly processing methods.

The data reveal that garri processing is the most carbon-intensive, emitting a total of 2,908,436kg CO2e. The major contributor to these emissions is the frying stage, which alone produced 2,905,952 kg CO2e from the extensive use of firewood and petrol.
For fufu processing, the only carbon emission was recorded during the cooking stage, emitting 55,000 kg CO2e, while pupuru processing emitted a total of 221, 006kg CO2e during the frying stage. The findings indicate that garri processing contributes significantly more to carbon emissions compared to fufu and pupuru due to its higher energy consumption.
These results highlight the environmental cost of cassava processing, particularly the heavy reliance on non-renewable energy sources. The findings are consistent with previous studies that have identified firewood and fossil fuels as the main drivers of carbon emissions in rural agricultural processing (ClientEarth, 2025; Eshetu, 2024).

A comparative analysis of carbon emissions across the different cassava products shows that garri processing contributes the most to environmental pollution due to the large quantities of wood and fossil fuels used in the frying process. On the other hand, fufu processing emits the least carbon because it requires less energy for drying and smoking. 
This variation can be attributed to the differing processing methods and the energy demands of each product. Garri, which is a toasted product, requires prolonged exposure to heat, leading to higher energy consumption and, consequently, higher carbon emissions. In contrast, fufu is soaked and cooked making it less energy-intensive.

The high carbon emissions associated with garri processing, particularly from the frying stage, highlight the urgent need for alternative energy solutions. While cassava is a critical crop for food security and economic livelihoods, its processing activities contribute significantly to environmental degradation through deforestation and carbon emissions.
The reliance on firewood as the primary energy source in cassava processing is a major driver of deforestation and carbon emissions. Firewood is commonly used because it is readily available and affordable, but its environmental cost is high. The emissions from burning firewood contribute to air pollution, deforestation, and climate change. Similarly, the use of fossil fuels, such as petrol and diesel, exacerbates the carbon footprint of cassava processing.
The carbon emissions per kilogram for the cassava products processed in the study area were calculated based on the total emissions associated with each product and the average quantities sold or produced weekly.

For garri, which had a total carbon emission of 2,908,436 kg CO2e, the average amount produced weekly was 458.1 kg. This results in a carbon emission of approximately 6,348.91 kg CO2e for every kilogram of garri processed. This figure highlights the significant environmental impact of garri processing, particularly during the frying stage, where most of the carbon emissions occur.

In the case of fufu, the total carbon emissions reached 55000 kg CO2e, while the average weekly production was 662.7 kg. This translates to a carbon emission of about 82.99 kg CO2e per kilogram of fufu produced. Although fufu processing is less carbon-intensive than garri, it still contributes a notable amount of emissions, making it the least carbon-intensive of the three products.

Lastly, for pupuru, the total carbon emission was 221, 006 kg CO2e, with an average weekly production of 223.6 kg. This leads to a carbon emission of approximately 988.40 kg CO2e per kilogram of pupuru produced. Overall, these calculations reveal that garri processing is the most environmentally damaging, with a carbon emission rate that significantly exceeds those of fufu and pupuru. Understanding these emissions is crucial for developing strategies to reduce the carbon footprint of cassava processing in the region.
The findings suggest that garri processing is the most environmentally harmful due to its high energy demands, particularly during frying. This underscores the need for the development and dissemination of more sustainable technologies, such as gas or electricity-powered fryers, or even solar fryers, which could significantly reduce carbon 
emissions. 

4. Conclusion
In conclusion, the study assessed the carbon emissions from cassava processing practices (garri, fufu, pupuru) in South West Nigeria, with a focus on energy sources used and their environmental impacts. Cassava processing activities, especially garri frying, contributed substantially to carbon emissions in South West Nigeria, posing significant environmental challenges. Processing Cassava into Garri activities had the highest carbon footprint while fufu had the least. These results highlight the need for interventions aimed at promoting the use of renewable energy sources and improving waste management practices among cassava processors. Sustainable practices could not only reduce the carbon footprint of cassava processing but also align with Nigeria's broader goals of achieving food security and environmental sustainability.

Recommendations
Based on these findings, it is recommended that:
1. Government and Non-governmental bodies should promote the use of renewable energy technologies (e.g., solar or gas-powered fryers) to reduce carbon emissions in cassava processing.
2. Agricultural extension should enhance awareness and education among cassava processors regarding the environmental impact of their energy consumption and waste management practices. 
3. Government and non-governmental organizations should provide technical and financial support for the adoption of cleaner energy alternatives in rural cassava processing clusters.
4. Government and non-governmental organizations should evolve policies that incentivize the use of sustainable energy and penalize environmentally harmful practices, ensuring that cassava processing contributes less to environmental degradation and climate change.
5. Research should develop sustainable methods of garri processing to reduce energy consumption
Limitations of the Study
The study was conducted in only three states within the South West region of Nigeria, which may limit the generalizability of the findings to other cassava-producing regions. Additionally, data collection relied on self-reported estimates of fuel consumption, which could introduce some level of bias. The study did not take into cognizance emissions from deforestation like loss of carbon sequestration capacity due to firewood harvesting. Nevertheless, the use of standardized measurement tools and a large sample size mitigates some of these limitations
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