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ABSTRACT

Globally, 70 % of people are fed through peasant food systems that are responsible for growing 50 % of the
world’s food calories on 30 % of the land. In the global south, particularly in Sub-Saharan Africa, small-scale
farming serves as a crucial lifeline for the food and income needs of local populations. Yet, it remains under-
funded and under-researched in the context of sustainable development. Even if the traditional Life Cycle Sus-
tainability Assessment offers a holistic approach to evaluating the impacts of staple food processing across
environmental, economic, and social dimensions, its inability to track dynamic materiality limits its application
in evaluating future impacts. Therefore, this study aimed to provide a comprehensive Life Cycle Sustainability
Assessment framework for staple food processing, using cassava to produce gari, a staple food for more than 300
million West Africans, as a case study. This framework integrates Material and Energy Flow Analysis techniques
to trace resource use and emissions. The research incorporated Environmental, Social and Governance pillars;
double materiality, evaluating both the direct and indirect impacts of processing activities, alongside dynamic
materiality to capture evolving environmental, financial, and social factors through scenarios. Python compu-
tational modeling was used to perform these complex analyses, ensuring accuracy and adaptability. The findings
highlight significant energy inefficiencies (6.67 kWh kg™!) coupled with a high Global Warming Potential (GWP)
of 9.02 kgCOzeq kg'1 and production costs of $0.56 kg'l. The most significant opportunities for improvement
were identified in optimizing energy consumption and transforming waste into biogas. The dynamic model
revealed that integrating renewable energy sources could substantially reduce environmental impacts and in-
crease the Net Profit Margin from 34.43 to 52.52 %, as proposed in the energy transition from woodfuel and
gasoline to a Hybrid Solar and Biogas energy system. This study contributes to the growing body of literature on
Life Cycle Sustainability Assessment by applying a comprehensive framework to staple food processing. The
findings offer valuable insights into the environmental, social, and economic trade-offs in food processing sys-
tems, providing practical recommendations for improving sustainability throughout the food supply chain.
Extended studies using these methods on other staples are highly recommended.

1. Introduction

land) to produce food (Oksana and Dmytro, 2021; Wei et al., 2024). In
2023, however, over 735 million people went hungry, even as 14 % of

At the expense of 30 % of global greenhouse gas emissions (GhG), the the food (worth $400 billion) was lost before reaching the markets, and
agricultural sector uses 24.5 million cubic kilometres of water (70 % of another 17 % was wasted in households and markets due to post-harvest
fresh water) and 59.2 million square kilometres of land (40 % of total wastage and dietary habits, further deepening the global food insecurity
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(FAO, 2023; FAO, IFAD, UNICEF, WFP, 2024). Additionally, the pro-
jected 9 billion people on the planet by 2050 will need 60 % more food
(Chaplinsky, 2012).

To meet global food demand sustainably, methods of sustainable
agriculture are necessary for ensuring a safe and secure food supply
chain that does not exceed the planet’s natural resource capacity. The
concept of sustainable agriculture has been studied for several decades,
as different societies increasingly understand the finite supply of our
natural resources for promoting development (Wei et al., 2024). It has
been highlighted that achieving global Sustainable Development Goals
(SDGs) and preventing catastrophic climate change require a rapid shift
to sustainable food systems and healthy diets. However, in order to
transition the global food system toward sustainability, challenges must
be addressed, as well as putting in place comprehensive, scientifically
verified interventions across all food systems at the planetary scale to
serve as substantial climate change deterrent tools (Rockstrom et al.,
2020).

In the context of sustainable development, small to medium-scale
food systems, which produce half of the world’s food calories, remain
underfunded and understudied, despite being responsible for feeding
over 70 % of the world’s population. This is particularly true in the
global south, especially in Sub-Saharan Africa, where small-scale
farming is essential to providing local populations with much-needed
food and income (Dhillon and Moncur, 2023).

Therefore, building climate resilience in these smallholder-managed
agricultural systems and promoting the broad adoption of innovative
farming practices, such as post-harvest waste reduction innovations, is
critical to efforts to develop rural economies, ensure nutrition and
quality food security, and eradicate rural poverty. At harvest, most
staples in developing countries such as cassava roots, deteriorate quickly
due to high moisture content and need to be dehydrated sustainably
(shelf life of 1-2 days) (Kashala-Abotnes et al., 2019).

However, building sustainability and resilience requires numerous
interventions, such as increasing the amount of climate financing
packages available to developing nations from the current 1.7 % global
average, as well as promoting research for the implementation of sus-
tainable innovations (UNSDG, 2023). The lack of credible data jeopar-
dizes sustainable innovation development and climate financing, mostly
in developing countries. Accurate operation status (including material
and energy flows), financial data, and evaluation of environmental,
social, and governance impacts, along with honest reporting, are crucial
for making sound decisions and allocating resources effectively. Without
them, it is difficult to track and report success, attract investment, and
ensure accountability. This data gap exacerbates the discrepancy be-
tween adoption and innovations development (Grinspan and Worker,
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2021; UNEP, 2024). Addressing these sustainability data challenges is
crucial for enhancing trust, developing innovative and efficient tech-
nologies and their governing policies, improving the efficacy of climate
finance, and meeting global climate and SDG targets (Fanzo et al., 2021;
Schneider et al., 2023).

Given the current circumstances, it is essential to thoroughly analyze
the agricultural processes using cradle-to-grave methods, covering every
phase from farming to final preparation for consumption. One practical
approach is to implement the Life Cycle Sustainability Assessment
(LCSA), which integrates environmental, economic, and social pillars of
sustainability. This assessment evaluates a product’s Environmental,
Social, and Economic Impacts (ESEI) at every stage of its lifecycle,
encompassing raw material extraction, processing, manufacturing, dis-
tribution, consumption, and disposal or recycling. Decision-makers can
compare two processes or goods using LCSA and select the one with the
least adverse environmental impact (R. Kumar et al., 2023). Fig. 1
highlights the LCSA framework along with all the techniques (flows)
based on the International Organization for Standardization (ISO)
14040 (ISO, 2023; Olalekan et al., 2023; Voglhuber-Slavinsky et al.,
2022).

Building on the aforementioned concerns, this study emphasizes the
application of LCSA as a foundational framework, with a specific focus
on the need for comprehensive sustainability assessments in agricultural
production. Although LCSA provides a solid foundation for assessing the
economic, social, and environmental effects, the governance pillar is
omitted from its traditional framework, which limits its ability to
adequately represent the dynamic interaction of these elements. The
effectiveness of LCSA in evaluating sustainability has been demonstrated
in several studies; however, it often overlooks comprehensive resource
flow analysis and the dynamic nature of environmental, social, and
governance materiality (ESG), as well as the consequences of technol-
ogy. Furthermore, other researchers have highlighted methodological
issues in evaluating the LCSA of the development and adoption of new
technologies in the context of changing climate policy (Djekic et al.,
2019; Padilla-Rivera et al., 2023).

To create a more comprehensive sustainability assessment frame-
work for the food processing industry, the aforementioned LCSA draw-
backs highlight the potential benefits of combining additional strategies,
such as Material and Energy Flow Analysis (MEFA) and the Python
script-automated ESG frameworks, including double and dynamic ma-
teriality. This would highlight the following; process costs, material flow
analysis per process (stage), energy demand/source at each stage,
human to equipment interaction, raw materials/final products market
price/demand dynamics, ESG inward and outward impacts, the impacts
of renewable energy-based technological innovation advancements, and

-
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Fig. 1. Life Cycle Sustainability Assessment framework based on (ISO, 2023).
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waste recycling (Circularity).

To test the adaptability of the proposed framework, a case study was
conducted on the processing of cassava from the farm to the final
product (gari). The literature review that follows highlights significant
gaps, critically evaluates earlier studies on LCSA and related approaches,
and lays the groundwork for the integrated model that is proposed and
applied in this work.

2. Literature review

Vulnerability to climate change which is said to be a question of
Diversity, Equality, and Inclusion (DEI), because the rich in societies
who are responsible for the most greenhouse gases are often less
vulnerable to its consequences which are severe in the Global South, is
influenced by a complex web of interrelated ESG elements. As a result,
reliable information regarding the sustainability status of a process,
product, or organization is more crucial than ever for making informed
decisions or forming informed opinions.

The LCSA, which encompasses environmental, economic, and social
dimensions, has emerged as a comprehensive framework for evaluating
and reporting the overall sustainability of diverse systems, including
agricultural practices. It employs extensive farm processes to assess the
entirety of impacts, spanning from the extraction and cultivation of raw
materials to processing, distribution, and ultimate waste management
(Alejandrino et al., 2021; Schau and Alberto-Quintana, 2024). Using
LCSA, researchers can evaluate and report labor/social conditions, GhG,
resource inefficiencies, and economic viability throughout the supply
chain. By taking a comprehensive approach, decision-makers can eval-
uate various production methods and implement strategies that could
enhance sustainability while meeting not only food demands but also
quality standards outlined by Quality Management Systems (QMS),
which are essential for supporting the growing global population
(Jungbluth et al., 2018; Siva et al., 2016).

Various authors have, however, asserted that traditional, linear
methods of evaluating and reporting food systems are inadequate for
identifying, reporting, and resolving the complex, interconnected ma-
terial issues of modern food production, consumption, and sustainability
policy requirements. For example, in their systematic review of 71
publications applying LCSA in the agro-food sector, Matos et al. (2024)
found that Life Cycle Assessment (LCA) was the most frequently used
tool, with limited applications of Life Cycle Costing (LCC) and Social Life
Cycle Assessment (S-LCA), emphasizing environmental impact assess-
ments. In addition, Cucurachi et al. (2019) thoroughly reviewed of LCA
techniques applied in food systems, highlighting the intricacy of food
supply chains and their effects on the environment worldwide. The ef-
ficiency of the LCA methodology in evaluating environmental impacts
across the production, distribution, and consumption stages was
methodically described. Nevertheless, the study pays little attention to
the economic and social aspects. In a related study, the standardized ISO
14040/14044 LCA has been further applied to evaluate the sustain-
ability status of food processing from the perspective of agricultural
practices, packaging materials, and food wastes. The research provided
insights into the environmental performance of food technologies,
neglecting the economic, social, and governance impacts (IBP, 2025).
Similarly, (LCA) is used by the Sustainable Food Processing Group at
ETH Zurich to assess and reduce the environmental impact of food
production, focusing on factors such as water use, greenhouse gas
emissions, and energy efficiency. To further integrate sustainability and
nutrition, they developed Nutritional Life Cycle Assessment (N-LCA),
which evaluates the environmental and nutritional impacts of food
systems across different regions. However, while N-LCA provides valu-
able insights, it does not comprehensively address social and economic
sustainability aspects, such as governance, labor conditions, afford-
ability, and community well-being, which are essential for a holistic
sustainability assessment (ETH, 2025).

To address food system challenges, Moores et al. (2024) proposed a
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framework rooted in circularity, sustainability, and ecosystems con-
cepts, aiming to guide innovation using LCA, S-LCA, and LCC (ISO
14044) protocols. They evaluated the Sustainable Nutrition Security and
Food System Sustainable frameworks for environmental and social as-
sessments at the product level, examining seven foods produced in
Norway. Both frameworks provided comprehensive sustainability as-
sessments but struggled to distinguish between social and ethical issues
due to data limitations. Easier-to-use frameworks often sacrificed depth
and comprehensiveness (Bhérer-Breton et al., 2025).

In contrast to its position as a staple crop in Sub-Saharan Africa,
research on cassava farming and its value chain has concentrated pri-
marily on its industrial applications, such as the production of ethanol
and starch. For regional food security, particularly in West Africa, cas-
sava plays a crucial role (Mwape et al., 2025). However, due to the
scarcity of studies on these subjects, sustainability assessments often
overlook the impacts of household consumption, traditional processing
techniques, smallholder livelihoods, and food security on the environ-
ment, society, and economy. For example, investigations into circular
economy techniques reveal the potential for waste valorization; how-
ever, traditional studies indicate that the production of gari from cassava
is associated with high energy consumption and emissions, highlighting
a significant gap (Mwape et al., 2025). At the same time, LCSA has been
used to evaluate the environmental, economic, and social impacts of
cassava, often as static snapshots. Studies have focused on the effects of
climate change on cassava yields and food security. For example, a
survey on the valorization of root and tuber crop wastes found that a
cassava starch factory could save approximately 124 t of carbon dioxide
(tCOy) per year by recovering waste heat energy, highlighting the sig-
nificance of energy, emissions, and costs in production (Aguilar-Rivera,
2024). Similarly, in Guangxi, China, a study on the manufacture of
cassava ethanol evaluated environmental emissions from several
fermentation techniques using survey data and LCA-based simulations
(Zhan et al.,, 2022). It examined how alcohol production affected
emissions and energy consumption, emphasizing the importance of
integrating modeling and plant data to identify ways to reduce energy
consumption and mitigate environmental impacts. The study highlights
the potential for reducing carbon emissions and conserving energy, and
suggests that future research should encompass all pillars of LCSA for
cassava processing at both commercial and traditional/household
stages.

Another noteworthy study examined the environmental effects of
cassava flour production in Southwestern Nigeria. The study focused on
major impact categories, including global warming potential and
eutrophication. This study provided valuable insights into the environ-
mental impact of cassava flour manufacturing, highlighting areas for
improvement in energy and resource utilization. However, it focused
exclusively on environmental concerns, with little investigation of the
economic and social elements (Olaniran et al., 2017).

Cassava processing technologies have been extensively investigated,
with a focus on sustainability and efficiency. Research on starch
extraction has stressed environmental and energy issues while ignoring
social and economic factors (Hansupalak et al., 2016; Tran et al., 2012).
The Cassava Processing Technology Toolkit assessed both conventional
and modern approaches, but it did not include emerging technologies or
LCA-based impacts comparisons (Taat, 2024). Despite increasing energy
efficiency by 10-15 % through the optimization of cassava flour pro-
duction with a modified flash dryer, 49 % of enterprises abandoned the
practice due to high operational costs, underscoring the risks of over-
looking the impact of the dynamic financial risk on adoption (Tran et al.,
2022).

Regarding the financial and cultural dimensions, studies from LCSA
have frequently concentrated on specific factors, often overlooking
others. For example, Nimoh et al. (2020) reported profit margin of 22 %
in the cassava business, specifically transitioning from fresh cassava to
processed gari. In contrast, Nnaji and Akanno (2022) highlighted the
environmental impact of cassava effluent on the soil quality. This
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includes significant concentrations of pollutants, such as hydrogen cy-
anide and heavy metals, that surpass permissible discharge thresholds.
The processing methods of cassava exhibit considerable variability
based on cultural and ethnic preferences, which poses challenges to the
widespread adoption of uniform nutrient rich cassava varieties and
innovative processing techniques and equipment. For example, in Af-
rica, traditional methods entail sophisticated skills passed down through
generations and are firmly embedded in cultural customs (Hahn, 2023).
This affects productivity, quality, market acceptance, and the long-term
viability of gari production (Bechoff et al., 2019; Ezeocha et al., 2019).

The comprehensive review’s key findings emphasize the increasing
application of LCSA in agricultural processing. However, there is a
notable imbalance as most studies target only one pillar (environmental,
economic, or social) and overlook the others. There is limited integra-
tion of policy frameworks with social, economic, and governance fac-
tors, and few studies evaluate the full farm-to-product lifecycle of staple
foods, such as gari.

Research on emerging processing technologies such as renewable
energy-powered cookstoves, reengineered flash dryers, and bio-
refineries often overlooks their long-term sustainability. Comparisons
between processing stages are also rare. Additionally, traditional staple
food processing for household consumption, particularly for cassava,
maize, and rice in the Global South, is often overlooked in favour of
industrial applications such as ethanol, starch, and animal feed pro-
duction. The failure to consider raw material and market price dynamics
further weakens long-term sustainability predictions.

Key sustainability aspects, such as health and food safety (SDG 3),
gender equality in processing (SDG 5), poverty reduction (SDG 1), in-
dustrial innovation (SDG 9), and the impact of modernization on
employment (SDG 8), are often overlooked. Without comprehensive
sustainability evaluations, staple food processing struggles to access
green finance mechanisms, such as green bonds and ESG-linked in-
vestments. Smallholder enterprises remain undervalued in sustainability
markets due to a lack of solid data on profit margins, returns on in-
vestment, and input/output efficiency. Furthermore, weak institutional
support and governance (SDG 16) hinder policy-driven progress in
sustainable staple food processing.

Another significant drawback in LCSA is the absence of MEFA and
QMS across processing stages. MEFA provides a systematic approach to
quantifying input-output linkages, identifying efficiency gaps, and
revealing environmental trade-offs. Integrating MEFA and LCSA can
improve sustainability assessments for material, energy, and waste-
intensive operations like cassava drying and milling, in line with cir-
cular economy concepts (Laner and Rechberger, 2016; Taulo and Sebi-
tosi, 2016). Conformity to quality standards and traceability can be
enhanced throughout the MEFA by integrating a QMS within the MEFA.
Internet of Things (IoT) based approaches have been found to have a
significant positive impact on supply chain transparency and quality
management (Verna et al., 2024).

Furthermore, traditional LCSA techniques often overlook double and
dynamic materiality. Double materiality is a concept in sustainability
and financial reporting that considers both the economic impacts of ESG
issues on a system and the system’s impacts on the environment and
society. Identifying the specific ESG issues of a process or organization
through stakeholder engagement and a thorough understanding is crit-
ical for successfully conducting the double materiality. The evaluation
of the financial and environmental materiality of the issues on the sys-
tem and the systems operations impacts on the environment and society
involves analysing the risks and opportunities (Baumiiller and Sopp,
2022; Gourdel et al., 2024; Svensson, 2024) This viewpoint is crucial for
staple food processing, because sustainability assessments must evaluate
economic viability and risks, labor circumstances, and changing climate
change/sustainability frameworks. Dynamic materiality, which exam-
ines how sustainability concerns evolve over time, is crucial for under-
standing market fluctuations, regulatory changes, and socio-techno-
economic shifts. It acknowledges that ESG issues can develop and
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become financially significant as circumstances change. This concept
emphasizes the risk of present non-issues turning critical in the future
due to shifts in legislation, technology, labor, market upheavals, energy
sources, climatic conditions, seasons, or changing stakeholder expecta-
tions. Triggers and trends, such as new registrations, scientific in-
novations, climatic conditions, or societal shifts, can increase the
prominence of specific ESG issues; thus, firms must remain forward-
thinking by implementing relevant and proactive policies (Arias et al.,
2024). Without this methodology, assessments fail to capture long-term
industry resilience. Integrating these principles into LCSA can help
bridge the gap between research and real-world investment decisions,
promoting green bonds, ESG-linked investments, identifying current and
future business and technology risks, and facilitating climate adaptation
in line with the COP 29 green bond financing regulations.

Traditional LCSAs rely on static datasets and generic effect variables,
which reduce prediction accuracy. Python-based computational tools
can help improve LCSA models by incorporating real-time market data,
regulatory changes, and environmental trends (Sanchez-Gendriz et al.,
2025). Python can model MEFA for various processing technologies, run
simulations to evaluate sustainability uncertainties, optimize energy
efficiency for staple food processing under different policy scenarios,
and compare traditional vs. modernized processing systems for eco-
nomic viability. Python, for example, can simulate cassava processing
efficiency under varied energy sources and conditions, and examine
employment shifts related to modernization. Such computer tools in-
crease the depth and accuracy of sustainability assessments (Mwape
et al., 2025; Sun et al., 2025).

Therefore, the purpose of this study was to fill these gaps and
enhance knowledge of staple food sustainability assessment by inte-
grating LCSA with MEFA, incorporating double and dynamic material-
ity, and utilizing Python computational tools for data automation,
analysis, simulation, and visualization. The goal was to identify oppor-
tunities for enhancing energy and material efficiency, thereby reducing
the negative environmental, social, and economic impacts. Unlike
traditional LCSA studies, which often focus on static environmental
impacts, this novel approach enabled real-time scenario modeling, dy-
namic and double materiality risk assessment, and alignment with
global sustainability targets (SDGs 1, 3, 5, 8, 9, 10, 12, 13, 16, and 17)
and reporting. This was accomplished through a case study of cassava
processing into gari (granulated and roasted cassava) at three coopera-
tive facilities in Togo, from harvesting to ready-to-eat product (market).
To achieve the stated aims, the following research questions were
addressed;

1. Life cycle and sustainability impacts

e What are the key environmental, economic, and social impacts of
staple food processing across its life cycle?

How can LCSA be effectively applied to evaluate the entire supply
chain of staple food products?

. Material and energy flow analysis

e What are the primary sources of material and energy inefficiencies in
staple food processing systems?

How does the integration of MEFA and QMS with LCSA facilitate the
identifying of opportunities for enhancing resource efficiency?

. Double and dynamic materiality

e How does the concept of double materiality, which considers both
direct and indirect impacts, enhance the assessment of sustainability
in staple food processing?

How can dynamic materiality be applied to adopt the LCSA model to
reflect changing environmental, technological, policy, and social
factors over time?
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4. Computational modeling with Python

e How can Python and machine learning-based computational
modeling improve the accuracy and scalability of sustainability as-
sessments in staple food processing?

e What advantages does Python offer in simulating scenarios and
optimizing resource flows in food processing systems?

5. Policy and practical implications

e What insights can be derived from the integrated LCSA model to
inform policy and improve sustainability practices in the staple food
industry?

e How can the results guide stakeholders (producers, processors, pol-
icymakers) in adopting more sustainable practices?

The methodology and materials used in Section 3 were developed
based on the literature review presented in Section 2, which highlights
the research gaps addressed in this study. In Section 4, the results ob-
tained are discussed, and conclusions and recommendations are pro-
vided in Section 5.

3. Methods

The three partner facilities under observation provided the materials
used in this investigation. These included cookstoves, fresh cassava,
water, wood fuel, and tools (such as knives, hoes, and other processing
equipment). All materials used were quantified using the procedures
outlined below and in Appendix A in the supplementary materials. All
materials and energy flows (wood fuel) were weighed before and after
each successive process using weighing scales, and temperatures were
captured using the data loggers.

Sustainable Production and Consumption 56 (2025) 343-363

3.1. Description of the study area

The study was conducted in collaboration with cooperative partners
via the University of Lome in Ganave (Yoto Prefecture), Vogan (Vo
Prefecture), and Topko in the Lacs Prefecture of the Maritime region in
Togo, as highlighted in Fig. 2. The primary focus was on the traditional
cassava-to-gari production at the small-scale cooperative stage, which is
prevalent in Togo. The processing stages analyzed include harvesting,
transportation, peeling, washing, grating, fermentation, de-watering,
sieving, roasting, sieving and grading, and finally packaging (Abass
et al., 2012; Agricdemy, 2022; Ajewole and Adeosun, 2018; Ajibola
et al., 1987; Jekayinfa and Olajide, 2007).

3.2. Application of LCSA in cassava to gari process sustainability analysis

The LCSA saved as the foundation, guiding the use of MEFA, mate-
riality assessment, and scenario analysis (Padilla-Rivera et al., 2023). To
fully integrate MEFA in the LCSA, this study employed the field-based
mixed research methods applying quantitative measurements, obser-
vational data, and survey responses (Kurtaliqi et al., 2024; Pérez Ben-
tancur and Tiscornia, 2024; Polisetty et al., 2024). The quality of the
materials at each stage was measured using the physicochemical anal-
ysis, as highlighted by (Mwape et al., 2023b).

Double Materiality was employed to assess the financial and envi-
ronmental impacts on the facilities and society. Dynamic Materiality
was used to analyze the potential dynamic changes that could accom-
pany the energy transition from gasoline and woodfuel to solar PV and
biogas produced from process wastes (biomass and effluents). Calcula-
tions were automated using Python to process the data rapidly and
facilitate flexible analysis for materiality outcomes. Fig. 3 highlights the
conceptual framework for integrating MEFA, QMS, double and dynamic
materiality into LCSA.

Key metrics, including GWP, financial, and health effects on humans
(primarily on women and children), as well as social consequences, are
among the outputs from these assessments that are visualized to aid in

A

Burkina Faso

—— District boundary
Ward boundary

[ Study areas

Maritime Region

Atlantic Ocean

Fig. 2. Location of the study: Maritime region, Togo, West Africa (by Gebremeskel, Haftom Hagos).
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Python Computations
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Financial, Social, Energy & Materials)
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data management, numpy for calculations,
matplotlib for visualization etc)

Sustainability Impacts Assessment and
Scenarios Matrix Comparison

(Compares sustainability impacts across scenarios
to inform policy direction and decision making)

Visualization
(Highlights findings through visual analysis tools)

Fig. 3. Conceptual framework for integrating Material and Energy Flow Analysis/Quality Management System (QMS) (MEFA/QMS), dynamic materiality, and

double materiality in Life Cycle Sustainability Analysis (LCSA).

comprehension and decision-making. This integrated approach provides
a comprehensive evaluation of current and future dynamic sustainabil-
ity consequences, enabling scenario comparison and informed decision-
making.

In order to facilitate comprehensive data correction and analysis, a
mixed-methods research approach was adopted. Qualitative data were
gathered through structured questionnaires, detailed in Supplementary
Materials S1 (LCSA/MEFA FORM 1-from harvesting to packaging), S2
(LCSA/MEFA FORM 2 at Roasting stage), and S3 (LCSA/MEFA FORM 3:
Market-Place- prices). These instruments helped in capturing the
narrative insights on operational procecesses, material usage, and social,
economic, health and governance factors. Concurrently, quantitative
data including material and energy weights, spatial dimensions, energy
consumption, temperature regimes and time-were recorded using cali-
brated instruments and data loggers. The data were initially recorded in
Excel and subsequently automated via Python to enhance efficiency and
accuracy. This integrated approach improves the reliability of the
findings and provided a holistic view of the research.

Appendix A (S4) provides a comprehensive methodology, explicitly
detailing all the mathematical calculations considered when automating
in Python.
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4. Results and discussions
4.1. Overview of material, energy, and emission flows

The MEFA of the cassava to gari processing system reviews different
patterns in material throughput, energy consumption, and waste/
emission generation at each stage. The Sankey diagram (Fig. 4(a), based
on Script 2) depicts the system’s numerous stages, each of which con-
tributes to the overall energy requirement, material transformation, and
adverse environmental impacts.

This data takes into consideration all inputs and outputs to produce
1 kg of gari from cassava. Table S1 in the supplementary materials (S5)
displays the aggregated data from the three facilities. The materials,
energy, human hours, and productivity recorded in this study are within
the reported figures by other researchers (Bouniol et al., 2024, 2020).

The heatmap in Fig. 4(b) and (c) (script 3) highlights the exact stage-
wise breakdown of specific resources spent to produce a kg of gari (-/kg-
gari) quantitatively. During the initial harvesting step, considerable
amounts of biomass waste were generated, primarily in the form of
cassava residual plant matter left in the field. When organic wastes
decompose, they produce significant volumes of COzeq, contributing to
the overall carbon footprint of the system. Other researchers suggest that
uncontrolled biomass decomposition from agricultural residue can
release up to 30-50 % of their carbon content as CO2, contributing
significantly to agricultural production-related GWP, highlighting the
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repercussions for the environment and the economy (Kinne et al., 2018;
Phiri et al., 2024; Shah et al., 2023). In order to carry out the Life cycle
Sustainability Assessment of production processes of staple foods
conclusively, it is strongly advised to use thorough and schematic
methodologies that include all levels of Material and Energy Flow (MEF)
(Visentin et al., 2020).

Peeling and washing processes generate additional material losses,
particularly in the form of biomass waste (peels) and wastewater
resulting from the use of water for washing. The peeling stage alone
generated nearly 31 % of the system’s total biomass waste. The careful

349

handling of these peels, which contain residual cyanide, is crucial for
both environmental and food safety. Similarly, if wastewater is not
properly treated before release, it may pose an environmental risk.
Roasting was found to be the most energy-intensive step. Cassava
mash was roasted to an average temperature of 142 °C. The necessity to
remove water from the cassava to achieve the appropriate moisture
content for storage drives the energy usage during this phase. This water
loss helps remove the cyanide, which evaporates at certain tempera-
tures, in addition to being essential for drying. This stage is essential for
guaranteeing the quality and safety of the finished product, as cassava
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naturally contains substances that can cause cyanogenesis. Other studies
conducted have demonstrated that roasting or cooking cassava at tem-
peratures higher than 100 °C can considerably lower the amount of
cyanide present (Bradbury et al., 2005; Mwape et al., 2023b). This
highlights the importance of integrating the QMS at every stage in the
MEFA as also concluded by other researchers in the metal processing
industries (Li et al., 2022). The amount of thermal energy required for
the roasting process is a significant factor in the system’s energy con-
sumption and CO, emissions. At this point, using conventional cook-
stoves that burn biomass inefficiently increases emissions and raises the
carbon footprint (Hayyat et al., 2024).

Conversely, processes such as grating, dewatering, sifting, and
sieving depend more on manual labor and mechanical power. Although
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these stages use less energy than roasting, they nevertheless increase
overall energy consumption, particularly in regions where manual labor
and simple mechanical devices are commonly employed. The proced-
ures, as will be explained below, are both labor-intensive and labor-
insensitive.

There is a substantial correlation between the system’s energy con-
sumption and emissions profile. The need for greener energy sources is
underscored by the fact that CO2 emissions are most pronounced during
processes that require significant energy, such as roasting and harvest-
ing. High energy-consuming processes are also high emitters and costly
(Huang and Ren, 2024). Energy consumption and emissions/the carbon
footprint of most of the staple food production, may be decreased by
integrating other renewable energy sources, such as solar energy for
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mechanical and roasting processes, and utilization of biomass wastes
from the systems for biogas production.

This overview provides a summary of the material and energy flows
across the cassava processing system. Subsequent sections will delve
into a detailed analysis of each stage, offering insights into potential
optimization strategies, including the use of other renewable energy
sources to reduce the environmental impacts.

4.2. Material flow analysis (MFA) and waste distribution across stages

This section describes the primary material flows, including Inputs
(Fig. 5(a)), outputs (Fig. 5(b)), and waste streams (Fig. 5(c)). It high-
lights the potential environmental implications and identifies opportu-
nities for enhancing process efficiency. For average scripted specific
material flow data across all facilities, refer to the supplementary ma-
terials (S6), specifically Table S2 from Script 1. During harvesting,
cassava roots were separated from the rest of the plant. Specifically at
the harvest stage, 6.14 kg of whole plant (roots, leaf materials, and
stems) was required to produce 3.65 kg of cassava roots as specific raw
input material. This resulted in 2.49 kg biomass wastes including cas-
sava leaf, stalks and straw, presenting 68.22 % cassava root mass which
is consistent with figures reported by other researchers (Nizzy and
Kannan, 2022; Veiga et al., 2016).

Supplementary materials in Tables S2 show the specific material
consumption for all facilities, while S3, S4, and S5 (highlighted as S7 in
supplementary materials) provide the same information in a Table for
each respective facility. Table S6 presents the actual average waste in
kilograms per stage for all facilities (see Supplementary material S8).
While there was no research publication to compare to the specific raw
material consumption in terms of the whole plant (harvested biomass)
required to produce a kg of gari from the literature, this study’s findings
on the specific root-raw material requirements are in line with the 3.57
to 3.71 kg published by (Akinoso and Kasali, 2012), but 8.5 % lower
than the 4 kg reported by (Jekayinfa and Olajide, 2007). The minor
differences could be attributed to the varying harvesting periods that
affect the moisture contents or the cultivar variations (Afek and Kays,
2003).

Tables S7, S8, and S9 highlight actual MFA data in facilities 1 to 3,
respectively (see supplementary materials in S9), whereas Table S10
represents the average (S10). As can be observed from the bar charts in
Fig. 5 (a) and (b) and Tables S7, S8, and S9, the Coefficient of Variation
(CoV) of the MFA was less than 10 %, indicating that the inputs and
outputs were consistent across the facilities. A lower CoV (below 10 %)
suggests less variability and greater consistency in the data sets being
compared (Jalilibal et al., 2021).

Biomass solid wastes made up the majority (57 %) as the waste
distribution pie chart in Fig. 5(c) illustrates. Some transformative pro-
cesses, such as peeling, de-watering, and roasting, were identified as the
primary contributors to waste, as evident in the differences between the
input and output materials in Fig. 5(a) and (b). The peeling procedure
generated a substantial amount of cassava peel waste, accounting for
32.31 % of the harvested roots. Peels were spotted being fed to some
livestock at several areas. In several sites, livestock animals were spotted
drinking from waste water poured into small trenches, which has the
possibility of exposing animals to cyanide. Additional research is needed
to determine the safety of utilizing peels as feed in terms of cyanide
exposure. The measured figures of peel wastes are in line with the 20 to
35 % highlighted (Oghenejoboh et al., 2021).

Approximately 69.66 % of effluent waste was produced during
washing (water consumption-induced) and 30.34 % from the de-
watering operations (cassava juice). Researchers have highlighted that
wastewater generated during the cassava processing exhibits elevated
levels of total dissolved solids (TDS), chemical oxygen demand (COD),
starch concentration, and biological oxygen demand (BOD) with nega-
tive environmental impacts on the soil, water and air (Nizzy and
Kannan, 2022). All wastes were left to rot or burn at each of the facilities
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under study, except for one site, where some wastes were dried for use as
fuel. This biomass, if left to decompose, can emit significant amounts of
kgCO.eq, contributing to the carbon footprint (Kumar Sarangi et al.,
2023; Vahdati et al., 2018). The waste generation, distribution, and
disposal observed in this study align with those of other researchers
(Asante, 2022; Olajoke et al., 2019).

Roasting was responsible for 11 % of the total cassava material loss
due to moisture loss, resulting in a 41.71 % mass loss of the cassava mash
during the sifting and sieving stage, primarily attributed to intense en-
ergy consumption. This is within the stated range of 25 % to 50 % loss
and is primarily due to water evaporation from cassava mash (Dahdouh
et al., 2021). The yield in this study was 28.00 % of the harvested root
value of raw material and 16.33 % of the total cassava plant input.
Understanding this data is critical for cassava processing planning and
long-term profit maximization. The yield of gari varies depending on the
cassava variety (Sobowale et al., 2016).

Knowledge of various cassava roots and waste productivity is crucial
in raising awareness of their environmental impacts and designing
mitigation strategies, in addition to being vital to energy engineers for
wastes-to-energy planning. Cassava leaves could be used as vegetables
for both human and animal consumption, and stalks could be replanted
and used for other purposes (Nizzy and Kannan, 2022; Okike et al.,
2022; Wul et al., 2017).

Peels could be used as a feedstock for biogas energy generation,
which would assist in reducing energy poverty in rural areas and miti-
gate the effects of climate change (Luo et al., 2024). Other studies have
emphasized additional environmentally friendly uses for cassava peels
(J. A. Kumar et al., 2023; Okike et al., 2022). It is worthwhile to note
that this study aggregated the waste impact per unit of the final product
(specific material consumption) produced from fresh cassava, making it
more precise for better tracking and management.

Opportunities for waste valorization, such as employing cassava
biomass wastes, wash water, and juice for biogas production, offer a
sustainable approach to reducing environmental impacts (SDG 13-
climate action). By converting the final solid wastes into organic fertil-
izers, this process supports sustainable agriculture and responsible
consumption (SDG 12). Additionally using biogas for roasting can
enhance energy efficiency, lower CO» emissions, and reduce energy
expenses, contributing to cleaner and more affordable energy solutions
(SDG 7:affortable and clean energy) This shift toward a circular econ-
omy fosters resource efficiency and economic sustainability within the
cassava value chain leading to profit maximization and job creation
(SDG 8-decent work and economic growth) (UN, 2020).

4.2.1. Labor distribution

As shown in Fig. 6, a gender gap was evident at every facility
examined in our study. A number of interconnected factors were iden-
tified as the cause of the observed discrepancy, which saw women make
up nearly 80 % of the total compared to 20 % for men.

e Resource unavailability: lack of support and resources to enable
women to acquire skills and the qualifications required for formal
employment in other sectors.

e Economic pressure: Factors such as male migration for employment
in larger towns and subsistence farming often leave women to fend
for themselves and their children.

Health and safety concerns: It is believed in the facilities that women
are more responsible for maintaining the nutrition and food security/
safety, and are more likely to participate in food processing at a
higher rate.

Social norms and gender roles: In line with traditional home roles,
cultural norms frequently assign women primary responsibility for
food processing duties.

Similarly, in many Asian countries, women contribute significantly
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to the production of rice, especially during post-harvest processing
stages like milling and sorting (Mishra et al., 2017). The other sector
affected is the maize value chain. Further research is needed to inves-
tigate how gender influences the acceptance and adoption of mechani-
zation in gari processing, as observed in the post-harvest waste
reduction of the maize value chain (Lelea et al., 2022).

The differences in participation rates can be viewed in terms of
gender roles, economic conditions, and cultural norms. Recognizing and
resolving these variables enables the development of more egalitarian
staple food production systems that acknowledge the contributions of all
individuals, regardless of gender. This approach not only promotes

gender equality but also helps communities enhance their food security
and economic resilience.

Human power is critical at all key stages of the processing and plays a
major role in the quality and efficient use of both materials and energy.

4.3. Energy flow analysis (EFA) and process temperatures by stage

4.3.1. Energy flow analysis

The amount of energy used varied significantly across the processes
and facilities of staple food production. The production of one kilogram
of gari needed an average of 6.67 kWh of SEC (facility 1: 3.67 kWh,
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facility 2: 8.92 kWh, and facility 3: 7.43 kWh), of which 91.49 % came
from wood fuel (thermal energy), as Fig. 7(a) and (b) illustrate. The
variation in the SEC per process is highlighted by the higher CoVs across
the processes, as shown in Fig. 7(a), which range from 12 % to 82 %.
Facility 2 utilized more energy than the rest, as explained in the next
section. The energy demands of each process measured in all facilities
are shown in the heatmap in Fig. S13 (S12 in supplementary materials),
which displays the individual facility’s energy consumption as presented
in Tables S14, S15, and S16 (Script 4). The average energy demand is
highlighted in Fig. S17 (Supplementary Materials, Section S15).

Comapred to the SEC, the higher CoV observed in energy demand,
particularly in stages such as transportation, grading, and packaging,
may reflect broader variations in overall energy use per process across
each facility. For example, the distance covered to transport cassava in
Facility 1 with higher quantities was longer than in other facilities,
resulting in increased energy consumption. This fact indicates that en-
ergy consumption (demand) typically fluctuates significantly (dynamic
material issue) over time due to changes in operational conditions
(distance and capacity of materials), equipment, or human performance,
as well as external influences such as demand peaks and variations in
equipment or human availability. On the contrary, SEC is a more stable
indicator because it is energy consumed per product output (efficiency
relative to production) (Duarte et al., 2024; Lawrence et al., 2019).

Although manual energy accounted for only around 5 % of the
overall energy, the processes were labor-intensive and required human
effort at every stage. The significance of human resources in the pro-
cessing of staple foods was demonstrated by the entirely manual,
energy-dependent processes of harvesting, peeling, washing, sifting,
sieving, and packaging (Tables S1 and S12).

Using approximately 94 % of the total energy, roasting was the most
energy-intensive phase, as shown in Fig. 7(a), with supporting data
provided in Table S12, labeled as S11 in the supplementary materials.
Fig. 7(c) illustrates how the high temperatures needed for water evap-
oration during roasting under low-energy-efficient cookstoves (5.85 to
17.37 %,; Fig. 7) used in the research regions may be the cause of this
unit’s high consumption.

In comparison to the 0.76 kWh kg-gari' recorded for high-level
mechanized gari processing facilities in Nigeria, the facilities exam-
ined in this study utilized almost 80 % more energy based on the peeling
to gari sieving/grading unit operations reported in earlier works.
However, this study witnessed 5 % less consumption of 7.04 kWh kg-
gari-1 reported for medium level mechanized and 15 % less of the
7.65 kWh kg-gari-1 low level mechanized units (Akinoso and Kasali,
2012). Disparities could be attributed to different energy sources with
varying caloric contents (Imtiaz Anando et al., 2023).

4.3.2. Process temperatures by stage

The study’s average roasting temperatures, as shown in Fig. 7(c),
enabled the drawing of several scientific conclusions regarding the
effectiveness of the stoves and heat transfer mechanisms. The cookstove
chamber reached 494 °C, while the roasting pan only received 142 °C, or
29 % of the combustion chamber temperature, indicating a considerable
loss of thermal energy, which suggests that the cookstove system has
poor heat transfer efficiency (Mwape et al., 2023a). This discrepancy
may suggest that poor insulation and insufficient heat transfer from the
combustion zone to the cooking surface are likely causes.

Heat loss probably arose from convection, radiation, and sometimes
inefficient airflow or open gaps. The stove’s design exhibits low thermal
efficiency, indicating that much of the energy produced from burning
fuel is wasted instead of being effectively utilized for roasting, as indi-
cated by scientific research (Berrueta et al., 2008; Kuye and Kumar,
2023). Improvements in heat retention, material conductivity, and stove
design, particularly reducing heat loss through the stove structure,
would be necessary to increase efficiency. This could indicate that the
cookstoves used in the research areas resulted in significant energy
losses and necessitating an evaluation of fuel consumption, energy
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efficiency, and associated emissions.

4.3.3. Comparison of fuel usage, CO2 emissions, and efficiency among
cookstoves

The three key performance metrics of the cookstoves used in this
study are highlighted in Fig. 8 (Script 5). The roasting process was
accomplished in facilities 2 and 3 using traditional U-shaped cookstoves.
As the bar chart illustrates, facility 2’s specific fuel consumption was
found to be greater (1.55 kg kg™!) than that of facility (1.34 kg kg™).
When comparing the semi-modernized cookstoves to those used in fa-
cility 1, the latter approximately consumed 40 % less fuel. Similar trends
were observed in the emissions, with the semi-modernized cookstoves
emitting 1.07 kgCO2eq kg-gari”! and the U-shaped traditional cook-
stoves emitting an average of 2.52 kgCO2eq kg-gari.

Variations in the energy efficiency of the cookstoves utilized could be
the cause of the disparities in consumption and emissions. The average
efficiency of the semi-modernized cookstoves was 17.37 %, whereas the
traditional U-shaped cookstoves had an efficiency of 5.85 % and 8.35 %,
respectively. The energy losses varied from 82.63 % to 94.15 %.

The low energy efficiency observed could be attributed to the wider
spaces between the roasting pan seat and the U-shaped massive wall (U-
shaped traditional cookstoves), and the lack of heat-insulating materials
beneath the U-shaped wall, which serves as a combustion chamber. This
is the case because, prior to moving on to the cassava mash, the heat
must first heat the roasting pan’s material and the cookstove’s massive
wall and body structures. As a heat sink, the earth may have contributed
significantly to the system’s equilibrium by absorbing residual energy
(Berrueta et al., 2008). Other researchers have pointed out that stoves
with smaller-mass components exposed to the fuel burning heat tend to
be more fuel-efficient, produce fewer pollutants, and transfer heat to the
food more quickly (Boafo-Mensah et al., 2020). The efficiencies ach-
ieved in this study are comparable to others (Boafo-Mensah et al., 2020;
McCracken and Smith, 1998; Okafor and Unachukwu, 2012). The semi-
modernized cookstoves offer a more sustainable choice for gari pro-
cessing because higher efficiency is correlated with lower energy con-
sumption and emissions.

These analyses suggest that higher energy consumption correlates
with lower energy efficiency, leading to increased emissions, as shown
in Fig. 8. The cookstoves’ high energy consumption (wood fuel) and
poor efficiency exacerbate the high emissions. This implies that the
environmental effects of roasting procedures could be significantly
reduced by transitioning to more energy-efficient and renewable energy-
powered roasting cookstoves. The results of this study are consistent
with those of other researchers who have shown that reducing energy
use to perform the same quantifiable tasks leads to effective energy use
and is beneficial for combating climate change (SDG 7-affordable and
clean energy, climate action-SDG 13, and responsible consumption and
production -SDG 12) (Piao and Managi, 2023; Wiese et al., 2024).
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4.4. Global warming potential by process stage

The total GWP for the cassava processing chain was estimated to be
9.02 kgCO2eq kg-gari!. Fig. 9(a) and (b) show that harvesting, peeling,
and roasting have the highest emissions, accounting for a significant
portion of the overall GWP (50.05 %, 23.22 %, and 23.80 %, respec-
tively). The biomass wastes at the harvesting and peeling stages, and the
high woodfuel energy requirements for the roasting process, contributed
significantly to the kgCO2eq. These findings are congruent with those of
Kamyab et al. (2024), who identified the first and last stages of agri-
cultural processing as key contributors to GWP.

Almostl % of the GWP was linked to the combined waste from
washing and dewatering. Given that the discharge from converting
cassava into gari is known to be extremely polluting and could
contribute to climate change, it is recommended that this effluent un-
dergo treatment prior to disposed (Nnaji and Akanno, 2022).

The cyanide content initially at 32.13 ppm was found to be reduced
to 4.72 ppm in gari. Even if no physiochemical analysis was carried out
on wastes (only done on fresh cassava, fermented mash and gari), it has
been reported that 90 % and one-third of the cyanogens and original
linamarin present in cassava tubers were removed during fermentation
and washing stages, respectively (Nnaji and Akanno, 2022). Therefore,
emphasis should be placed on wastewater disposal to reduce soil
contamination and disturbances to biodiversity.

This study throughly examines the environmental effects of pro-
cessing cassava into gari, demonstrating how every stage of the process,
from harvesting to packaging, significantly increases the overall GWP
per kilogram of gari produced. Even without specific data on the GWP of
one kilogram of gari produced in West Africa, specifically in Togo, the
GWP obtained in this study is less than the 11.05 kgCO2eq noted by
Olaniran et al. (2017) for the production of unfermented cassava flour in
Southwest Nigeria. Excluding the harvesting process, other reports from
Thailand, Vietnam, and Colombia have found 0.093 to 0.539 kgCO2eq
emissions per kg of cassava starch (Lansche et al., 2020; Tran et al.,
2015). The differences in GWP can be attributed to the distinctive pro-
cesses involved in cassava starch production and gari production, as well
as the integration of biogas production into starch production using
wastewater and solid waste, significantly reducing the GWP.

Understanding the opportunities for emission reduction, particularly
at high-end emission stages (harvesting, peeling, and roasting), may be
incentivized if financial analysis is conducted at each stage with a
double materiality approach. Future studies should investigate and
compare the GWP based on kgCOseq per hectare, following the tech-
niques of other studies such asthose on conventional and organic potato
cultivation (R. Kumar et al., 2023).
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4.5. Double materiality in cassava processing to gari: environmental
(cumulative GWP), financial, and social impacts

4.5.1. Financial and environmental materiality

From the financial cost centre perspective highlighted in Fig. 10(b),
the cost of fresh cassava accounted for the highest expenditure at 42.42
% of the total cost of $0.056 per kg of gari, followed by woodfuel and
human labor. The selling price of gari is crucial for the overall financial
viability of the business with financial dynamics directly impacting the
net profit margins. As shown in Fig. 10(c), the achieved Return on
Capital (ROC) margin was 52.52 %, indicating a substantial profit
generation in relation to capital expenditure.

Although the ROC in this study is higher than the 25.65 % and 29 %
reported by Esheye (2021) in Nigeria and Nimoh et al. (2020) in Ghana,
respectively, it is lower than the 67 % reported by Agbekpornu (2014)
and does not meet the 85.61 % highlighted by (Tran et al., 2022). The
disparities in margins could be attributed to the various variable costs of
fresh cassava and labor, which are largely site, regional, and nation-
specific, as well as the type of cookstoves utilized, and the availability
and distances of cassava from farms. For example, the labor expenses of
all three facilities analyzed in this study were cheaper since the majority
of the laborers were also members of cooperatives and operated on a
Sweat Equity Cooperative Model (SECM) (Suttor, 2018).

It has been highlighted that the prices of cassava and market prices of
gari change frequently, mostly depending on factors such as the cassava
harvest yield (influenced by rainfall and the cassava disease), seasons,
and location (Allado et al., 2024; RT, 2021; TE, 2022). This was
observed during the analysis of seasonal dynamics in materiality, as
reflected in production and market prices, as shown in Table S18 (sup-
plementary material S16), where the low peak in cassava prices resulted
in an almost 32 % increase. The market price per bowl increased from its
lowest of $1.69 bowl™ ($0.85 kg™!) to about $2.18 ($1.09 kg™).

4.5.2. Link between financial and environmental materiality (global
warming potential/operational costs)

This analysis has shown that emissions pose the greatest financial
concerns in addition to environmental challenges. Fig. 10(a) and
Table S13 (Supplementary material S13) (Script 7) in the supplementary
materials highlight that cassava raw material procured and processed
from harvesting, was the most costly and also the most GWP emitting
followed by the roasting stage (Note that the cost of the raw material was
divided equally across all stages because it was processed till the en-
ergy). The cumulative costs and the GWP in Fig. 10(a) clearly illustrate
the contribution of each stage.

The Stages with higher emissions and higher financial costs, such as
harvesting and roasting, were found to be directly correlated, high-
lighting the possibility of co-benefits in terms of cost savings and

3.81e-03 (0.04%)
0.03(0.37%)

Packaging

Sieving and grading
Roasting

Sifting and sieving
De-watering
Fermentation
Grating

Washing

Peeling
Transportation
Harvesting

2.15(23.80%)
0.06 (0.70%)
0.01(0.15%)
2.26e-04 (0.00%)
0.04(0.45%)
0.08 (0.93%)
2.09(23.22%)
0.03(0.29%)
4.51(50.05%

0 1 2 3 4
Total Emissions (kgCO2e/kg-gari)

(a)

©

R IR ST\ (SR | ST (R (RS (Rt C BRS¢ B\ (R
AR A W W W0 AP\ A ™ N\
R R A P g g@d 3&39
W «@“9? R, o !

Pl R\

‘)\“\ (_)'\e\l\

©o

o

[

Cumulative GWP (kgCO2e/kg-gari)
~

(b)

Fig. 9. Global warming potential in cassava processing by process stage, (a) total emissions by process, (b) cumulative GWP by process (data in Table S11 and script

3-S12 in supplementary materials).

354



M.C. Mwape et al.

Sustainable Production and Consumption 56 (2025) 343-363

Double Materiality: GWP vs. Financial Impact
10.00 y B 0.60
—e— Stage Wise GWP
-+ Cumulative GWP g T
=~ 8.00{ ™ Stage Wise Financial Impact ////p 0.50 g
Cl -#- Cumulative Financial Impact s o
2 £
g 04003
S 6.00 g
B =4
N 0.30C
g g
o 4.00 £
£ -
= 0.20=
g )
v
G} 2 o
2.00 0108
£
0.00 i 3 0.00
09 400 0o W0 W09 100 W09 i 09 0 09
oot ol e\ o0 (¢ (@l et eV B a0 a9
ety \-\spo\" ! \Ne G ot el oe'“a, a“ds 02 a0 of paC\‘
2 3 g0 )
S\ gV
(a)
Cost Distribution by Cost Center
42.42%
Humen labor
. Packaging Materials
21.63% Woodfuel
—viater
Fresh cassava
—Gasoline
P
N
25.04%
(b)
Comparison of Processing Costs, Market Price, and Profits
_______ b T 3507 CREC TR . ] S——— —— I —— [ [S—_—— - [ U——E_—— P
08
o
@
Sos
a
2 :; ::;:;e( Price
= 0.4 Cumulative Costs
F=
e
o
+ 0.2
o
o
Return on Capital %: 52.52%
0.0
0O Xe) ) ) ) o 0O ) ) o )
A X\ N N S S SO A8 N O
&5 &3 eV e @ N AN 2 @
Y@(“ &° W < W & B ) e
<« <@ OF 02
6«0 \l\(\
()
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processing costs, market price and profits.

emissions reduction. This scenario, where energy-intensive processes
are most likely high-emission and cost-intensive, has also been high-
lighted in the beverage industry (Sovacool et al., 2021).

Increased regulatory pressure on a global scale to combat climate
change and adaptation through programs like carbon pricing or more
stringent emissions laws once implemented in developing nations in the
near future may result in extra costs for cassava processors.

By switching to alternative, sustainable energy sources like solar and
biogas, and utilizing more efficient cookstoves, co-benefits can be real-
ized. Furthermore, significant reductions in emissions and energy cost
savings can be achieved by processing biomass and effluent wastes into
biogas or other sustainable products. Biogas digestate has a high
nutrient content and can be applied as an organic fertilizer. The pro-
duction of biogas from cassava wastes has long been emphasized as a
robust approach with the potential to sustainably lower operating ex-
penses and environmental effects (Tran et al.,, 2022). Conversely,
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addressing GWP by adopting energy-efficient technologies could help
reduce long-term financial risks, positioning the staple food processing
sector for better sustainability credentials and access to environmentally
conscious markets.

To reduce energy usage and CO; emissions from traditional roasting
techniques, it’s crucial to switch to more sustainable options. Solar-
powered roasting technologies are a potential solution, providing a
renewable and cost-effective way to reduce reliance on fossil fuels and
inefficient biomass (Mwape et al., 2025). Furthermore, utilizing more
sustainable biomass sources, such as agro-waste pellets and sustainably
sourced wood fuel, can enhance efficiency while minimizing environ-
mental degradation. Biogas, created from organic waste, has the po-
tential to be a greener alternative, offering a circular solution that
combines waste management and energy production. By implementing
these energy-efficient solutions, the roasting process can become more
sustainable, leading to reduced emissions and increased long-term
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economic and environmental benefits.

4.5.3. Social materiality

The elevated levels of worker engagement in gari production,
particularly in rural areas where job opportunities are scarce, reflect the
social and material aspects present within the industry. Over ten persons
were involved in the harvesting process, which primarily relies on
human labor. Its labor-intensive character helps local economies by
giving rural residents the much-needed jobs and means of livelihood.
The results in this section compare social and material elements in
traditional cassava processing to gari across the three monitored facil-
ities. The evaluation highlights key factors, including high labor demand
and roles, environmental practices, economic access, and cultural in-
fluences. These findings highlight common obstacles as well as specific
prospects for long-term improvements, such as the adoption of new
processing equipment in gari production.

i. Gender roles and access to resources

With more than 79 % women-driven labor force, this study has
highlighted how gender insensitive this sector is. Despite their vital
roles, women highlighted that they encountered issues such as a lack of
access to financing and current processing tools and technologies. This
restriction of access not only affects productivity but also perpetuates
gender disparities, since women may be paid less than their male
counterparts or excluded from decision-making roles. Other scholars
have reported on these gender dynamic concerns in agricultural labor,
showing that to some extent, even remedies implemented, such as access
to resource endowment, aren’t functioning (Abdisa et al., 2024). This
could be attributed to the lack of focus on real issues, such as addressing
the policy and technologies’ gendering (Clay and Yurco, 2024).

ii. Health and safety concerns

Workers across all facilities complained about smoke and excessive
heat from cookstoves. This poses substantial health hazards because
extended exposure to smoke from the roasting stage, as well as physical
strain and stress from repetitive chores like peeling and sieving, can
induce respiratory and musculoskeletal ailments. Other research has
thoroughly documented these dangers. For instance, it was discovered
that workers in cassava processing are at a higher risk of getting respi-
ratory ailments due to smoke inhalation from traditional roasting pro-
cesses (Parmar et al., 2019).

iii. Traditional vs modern technology

The idea of introducing new equipment for roasting cassava raised
some worries. The participants interviewed emphasized the importance
of integrating traditional knowledge and skills in gari preparation to
maintain the product’s quality, taste, and cultural value. Some opera-
tional techniques, such as roasting methods and fermentation times,
varied among facilities. The distinctive flavor and texture of gari are
reportedly enhanced by manual methods that have been passed down
over the years, such as hand-roasting and fermenting in cassava, which
are frequently used in traditional ways and increase its marketability in
local marketplaces. Other authors from different regions have exten-
sively reported this dynamic issue (Awoyale et al., 2021; Owusu-Darko
et al., 2024).

iv. Waste management and environmental sustainability

It was found that facilities that kept livestock provided some biomass
waste from the peeling and harvesting processes to the animals. Some
people made firewood out of the leftover stems. Other researchers have
also highlighted on activity (Jumare I et al., 2024).

This study has demonstrated that gari processing encompasses
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social, environmental, and financial aspects that are intricately inter-
twined. By lowering the GWP, financial investments targeted at
reducing energy use can help alleviate the environmental impacts. These
same investments, however, may require adjustments in labor force
participation, which would impact workers’ livelihoods. For example,
adopting more technically advanced roasting systems, such as cook-
stoves driven by solar energy, may require and encourage a greater
number of technically qualified males to participate than females, which
would lower the income for women.

Cassava processors, like other staple food processing systems owners,
must balance between their financial success with environmental and
social responsibilities. A comprehensive approach considering the trade-
offs across these dimensions is essential for developing a long-term,
robust, sustainable business model.

As a result, considering of social materiality is critical in staple food
production, as it demonstrates how dynamic interactions between peo-
ple and new technological breakthroughs create positive, holistic, and
dynamic changes in societies as an inseparable whole. Efficient pro-
cesses with lower GWP could directly result in financial gains, resulting
in greater financial benefits and fewer climate change implications for
everyone (Leonardi et al., 2012).

4.5.4. Governance

Despite having nearly 80 % female members, all but one cooperative
was headed by men, highlighting a gender insensitivity. The chairperson
normally had the power to organize and manage the decision-making
process, and most farms and land were owned by men. Systemic con-
straints still prevent women from participating in sustainable staple food
processing practices, although effective governance is essential to
guaranteeing equitable access to resources and technology. Organiza-
tional and policy-level governance frameworks often overlook gender
differences in property ownership, loan availability, and participation in
capacity-building programs. As a result, it is extremely challenging for
women to adopt new roasting technologies and benefit from sustain-
ability programs. The findings in this study align with the other re-
searchers who have highlighted that, despite considerable
improvements, gender inequality is not sufficiently addressed by the
majority of climate change policies and activities (Bryan et al., 2024).
Gender-responsive policies addressing these obstacles must be inte-
grated into governance structures to promote fairness and inclusivity in
a just transition to sustainable solutions. Most of the global south gov-
ernments’ initiatives to support women’s empowerment have a lot of
room for improvement (Li et al., 2022). This entails easing access to
training, offering targeted financial support, and guaranteeing women’s
participation in decision-making processes. Governments and organi-
zations can empower women and promote the wider adoption of sus-
tainable energy solutions by strengthening their governance structures
to be more gender-aware and inclusive.

4.5.5. Promoting gender inclusivity: actionable recommendation for
sustainable practices

Gender dynamics have significant influence in the adoption of sus-
tainable staple food processing and the achievement of the SDGs. To
address existing imbalances, targeted interventions are essetial,
including legislation that guarantees women equal access to resources
such as financing, land, and technology, along with capacity-building
programs tailored to their specific needs. Furthermore, decision-
making roles should be more inclusive, with international regulations
promoting women’s leadership at both the local and industrial levels.
The following are the key actionable policy recommendations proposed
in this study:

e Develop gender-sensitive training programs to address the gender
gap in innovative technology adoption, aligning with SDG 9 and
promoting gender equity (SDG 5).
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e Promoting women’s leadership: Implement education/training pro-
grams to increase female participation in decision-making roles (SDG
1.

e Streamline carbon trading mechanisms: by focusing on impactful

small-holder solutions, such as sustainable food processing, and

aligning them to green funding, and promote climate action-SDG-13,
reduce hunger-SDG 2, and poverty-SDG 1 for good health and well-

being (SDG 3.

Implement financial support mechanisms, such as low-interest loans

and subsidies, to encourage women to adopt sustainable technolo-

gies and promote decent work and economic growth (SDG 8).

Promote Collaboration: Collaboration with industry stakeholders can

help overcome structural hurdles and integrate gender equity into
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sustainability initiatives, promoting partnerships that align with the
goals (SDG 17).

e Empowering women with access to resources: Provide equal access
to loans, land, and renewable technology for women. This has the
capacity to reduce social and economic inequalities (SDG 10) and
promote the use of sustainable yet affordable energy (SDG 7).

If appropriately executed, these recommendations can offer stake-
holders doable steps to reduce gender inequality and encourage more
sustainable and inclusive practices that support responsible production
and consumption (SDG 12). These can be translated into the creation of
sustainable cities and communities (SDG 11), which support justice,
peace, and robust institutions (SDG 16) (UN, 2020).
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4.6. Dynamic materiality: evaluating environmental and operational
shifts from traditional practices to hybrid solar-biogas-powered roasting
(HSB)

The comparison of HSB and woodfuel energy in this study reveals
how the dynamic materiality issues of each energy source and associated
GHG-emitting wastes change, impacting both financial results and
environmental sustainability, as highlighted in Fig. 11.

4.6.1. Global warming potential and financial performance

In contrast to traditional energy sources used in cassava processing,
such as woodfuel and gasoline, introducing an HSB system signifies a
substantial shift in materiality. By decreasing reliance on solid-biomass
fuel-based systems and non-renewable resources, such as gasoline, the
HSB system addresses both financial and environmental sustainability
by combining solar photovoltaic (PV) energy with biogas generated
from process effluent and organic waste.

The HSB (scenario 2) and woodfuel/gasoline (scenario 1) are
compared in Fig. 11(a) with respect to their GWP and financial perfor-
mance. By utilizing e-transportation and converting the majority of
waste into biogas for use at the roasting stage as part of the HSB, it is
anticipated that scenario 2 could produce 70.62 % fewer GWP per ki-
logram of gari produced. This dramatic reduction illustrates the envi-
ronmental advantage of the HSB system, which is attributed to the use of
solar energy (carbon neutral during operation), and biogas, which pro-
duces fewer emissions than gasoline or woodfuel combustion (Jameel
et al., 2024; Smith et al., 2024). It also highlights the dynamics of the
energy transition.

The biogas component of the hybrid system is critical for lowering
the GWP. It could even be considered carbon-neutral or even carbon
negative because the methane that would otherwise be emitted by
decaying organic waste is transformed and used as energy. Methane has
a GWP 25 times more than CO3 over a 100-year period. Converting it
into energy instead of releasing it into the atmosphere can greatly reduce
the GWP of the cassava processing system by cutting CO, emissions by
50 to 60 % compared to woodfuel and fossil fuel systems (Jaro et al.,
2021; Nature, 2021; Olukanni and Olatunji, 2018; Tripathi et al., 2019).

In addition to addressing dynamic materiality, the hybrid solar/
biogas system prevents future environmental expenses associated with
cassava processing. The greenhouse gas pollution associated with fossil
fuels and woodfuel will become a more significant concern as interna-
tional laws on carbon emissions become stricter and carbon markets
evolve. This could take the form of emission caps, carbon taxes, and
other regulations that force high-emitting businesses to pay a price
(Filonchyk et al., 2024; IPPC, 2022; UNFCCC, 2023). The operating
expenses of the woodfuel/gasoline system would increase in such a case,
thereby decreasing the long-term viability of the business plan. The HSB
system, by contrast, positions cassava processors to future-proof their
operations.

4.6.2. Financial dynamic materiality: effects on operational costs and
returns

From the financial perspective illustrated in Fig. 11(c) (Data in
Table S18(a) and S19), highlighted as S16 in the supplementary mate-
rials based on Script 8, the proposed scenario 2 has a substantially lower
operating cost per unit of gari produced than the traditional system
(scenario 1). This is largely driven by the fluctuating prices of gasoline
and the increasing scarcity of woodfuel, which is currently being expe-
rienced and accounts for almost 35 % of the total costs ($0.19 per ki-
logram of gari produced). On the other hand, the hybrid system results
in an overall reduction of $0.24 (44 % of the scenario 1 costs) per kg of
gari produced by lowering the operating costs to $0.32 per kg.

The dynamic relationship between sustainability and profitability is
further highlighted in the analysis of the ROC and the NPM under both
scenarios. Fig. 11(c) demonstrates that proposed scenario 2 has a higher
ROC and NPM than the current situation (scenario 1).
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This could be attributed to lower energy and labor expenditures,
which significantly reduce costs throughout the transportation and
roasting stages. Fig. 11(b) illustrates the dynamic shift in cost regimes,
with the primary cost share of fresh cassava rising to 70.91 % from
42.42 % in scenario 1. The highlighted change could be caused by a shift
in main costs, which is aided by free energy available from the HSB. It
suggests that the operating investment is predicted to create a return of
194.28 % of the entire investment cost in scenario 2, compared to only
65.01 % in scenario 1. This demonstrates the impact of dynamic mate-
riality on costs and revenues resulting from planned adjustments to
energy and waste management in the cassava processing system. This
dynamic change could be further supported by the volatility of fresh
cassava market prices in the research areas.

The proposed system’s lower operating costs can be attributed to the
elimination of recurring energy costs (Kpodar and Liu, 2022). It was
discovered during the field investigations that the cost structure of the
traditional cassava processing system is heavily reliant on fuel costs,
which are vulnerable to market and weather/season volatility. In
contrast, the solar energy component of the proposed hybrid system
incurs no ongoing fuel expenses, whereas biogas, produced from cassava
waste, requires no additional input beyond maintenance.

Although it was not part of this research, the high initial capital
expenditure associated with solar PV system installation and biogas
plant construction initially raises scenario 2 costs. However, operational
expenditure gradually reduces, leading to substantial long-term savings,
as shown in Fig. 11. This structural shift reflects the principle of dynamic
materiality, highlighting the dynamic materiality of energy decisions in
the agro-processing sector. Although the initial capital expenditures of
most of the renewable energy sources are significant, they reduce over
time as operating savings and environmental advantages mount (Egli,
2020; Kpodar and Liu, 2022). Furthermore, as carbon-intensive energy
sources become more expensive due to regulatory frameworks like
carbon pricing and emissions trading schemes, the financial attractive-
ness of solar and biogas systems increases (Sterner, 2024; Tran et al.,
2022; van den Bergh and Savin, 2021). This shift highlights the
increasing material significance of environmental performance.

The proposed hybrid system also reduces financial risks connected
with fuel shortages and price volatility, particularly in areas where fuel
access is becoming an urgent concern (Pawar et al., 2024). Therefore,
while the traditional system appears less capital-intensive upfront, the
hybrid system delivers greater long-term financial resilience.

4.6.3. Sustainability implications

The current system emits high levels of carbon and contributes to
deforestation due to its reliance on unsustainably harvested wood fuel.
This causes biodiversity loss and releases CO: from trees, exacerbating
the climatic impact. Aside from the obvious financial and operational
issues, the current system is unsustainable in terms of the environment.
Operations that rely on high-emission energy sources may face reputa-
tional concerns and regulatory challenges as the global focus on climate
change grows.

The transition to renewable energy sources in the hybrid system
would significantly reduce emissions, aligning the cassava processing
business with global climate targets and enhancing its sustainability.
The system promotes a circular economy paradigm by converting cas-
sava waste into biogas, reducing waste, and increasing resource effi-
ciency. This decreases the environmental impact of cassava processing
while also creating a closed-loop energy system. The hybrid system
preserves forests, protects biodiversity, and reduces CO:z emissions from
deforestation by reducing the need for unsustainable wood fuel
utilization.

From a dynamic materiality standpoint, as consumer and investor
demand for sustainable practices grows, implementing a low-carbon,
resource-efficient energy system would strengthen the business market
position and boost access to green finances. This long-term sustainability
will also assure compliance with increasing environmental standards,
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thereby future-proofing the businesses.
4.7. Broader implications and cross-sector transferability

The study’s methodology, which includes MEFA, QMS, double and
dynamic materiality, and a Python computational LCSA-strengthened
framework, is not limited to the staple food processing industry. These
frameworks are broadly applicable in various industries, processes, or
businesses with complex supply chains, resource-intensive production,
and environmental concerns. This is also very key to tackling covid-19
look alike challenges and calamities (Mwape et al., 2024).

MEFA is a proven method for evaluating the flow of materials and
energy between various systems, such as waste management,
manufacturing, agriculture, and energy generation. For every industry
seeking to enhance its sustainability performance, the capacity to
monitor inputs, outputs, and resource efficiencies is extremely pertinent.
The integration of QMS to MEFA techniques results in a robust system
that not only dynamically assesses the quantity of the material and en-
ergy flow, but also the quality (Papageorgiou et al., 2024; Siva et al.,
2016). Double materiality ensures that MEFA accounts for both the
impact of sustainability factors on a system or business performance and
the system or business’s impact on the environment and society, making
it relevant for corporate and regulatory reporting for all situations
(Dyczkowska and Szalacha, 2025). Meanwhile, dynamic materiality
allows MEFA to adapt to evolving sustainability risks and opportunities,
ensuring continuous alignment with stakeholder expectations and pol-
icy changes. This makes MEFA and double/dynamic materiality inte-
grated LCSA an essential tool for processes or industries seeking to
improve resource efficiency while addressing sustainability challenges
holistically.

The Python-based computational modeling employed in this study
also offers a scalable and customizable approach that can be applied to
various industries. Whether applied to circular economy strategies in
manufacturing, energy optimization in industrial processes, or waste
reduction in urban systems, the flexibility of computational modeling
ensures its relevance across sectors. This enables researchers and poli-
cymakers to optimize, simulate, and visualize sustainability pillars
(energy efficiency, GhG emissions, economic, policy implications, so-
cial, and governance) in real-time. This approach ensures data-driven
decision-making, making sustainability solutions more adaptable,
globally relevant, and actionable across diverse sectors, including
manufacturing, energy, and agriculture. The developed scripts and al-
gorithms could be integrated into Al tools for more advanced pre-
dictions, automation, and decision-making (Alenezi and Akour, 2025;
Chen et al., 2021; Rashid and Kausik, 2024).

Furthermore, this study contributes to global discussions about cir-
cular economic models and climate resilience. It has demonstrated how
material risks, such as waste generated by many staple food systems, can
be repurposed for waste-to-energy, with the benefits of reducing
greenhouse gas (GHG) emissions, generating income, and lowering
production costs (EEA, 2024; Yang et al., 2022). Biogas by-products, for
example, can be utilized as organic fertilizer. As countries strive to
achieve Sustainable Development Goals (SDGs) 7 (Affordable and Clean
Energy), 12 (Responsible Consumption and Production), and 13
(Climate Action), waste-to-energy innovations provide a scalable
pathway for reducing environmental impacts while supporting eco-
nomic development in agro-industrial sectors (Sharma et al., 2025).

This study demonstrates how these frameworks can be applied in the
processing of staple foods, highlighting their potential to inform sus-
tainability assessments and decision-making in various industries and
geographical areas. This flexibility enhances the study’s global appli-
cability and provides a solid foundation for subsequent research aimed
at maximizing sustainability across various sectors. By applying these
principles across diverse agricultural value chains, processes or in-
dustries, stakeholders can accelerate the transition toward more inclu-
sive, low-carbon, and resource-efficient systems and products globally
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(Herrero et al., 2020).
5. Conclusions

This study illustrates the efficacy of employing the MEFA and QMS
frameworks, in conjunction with the principles of double and dynamic
materiality, to comprehensively analyze the LCSA- including material
flow, energy usage and efficiency, global warming potential (GWP), and
financial services- of the often neglected small-scale staple food pro-
duction systems, utilizing cassava processing to gari as a case study. The
double materiality has been successfully demonstrated through the
creative application of Python-based tools to construct models and
visualization diagrams, such as Sankey diagrams and heatmaps,
considering not only the immediate financial costs and global warming
potential (GWP), but also the long-term environmental and social im-
plications of resource utilization and emissions. This might help in
predicting the social and financial impacts that are highly uncertain and
context-dependent. The dynamic materiality component highlights how
these effects evolve over time as the cassava processing system is
adapted to utilize different energy sources under varying conditions.
These techniques highlight how the traditional LCSA, often based on
static life cycle inventories and impact assessments that mostly just
reflect current or historical data, could be transformed to fully capture
the real-time or future dynamic changes in markets, technology, policy,
or social trends. This might promote short-term to real-time processes
efficiency schemes, adjustments, and adaptability.

MEFA, QMS, double and dynamic materiality, and a Python
computational LCSA reinforced framework are all part of the study’s
methodology, which is not exclusive to the staple food processing sector.
These frameworks are widely applicable to a diverse range of enter-
prises, processes, and industries that involve resource-intensive pro-
duction, complex supply chains, and environmental concerns.

The innovative development of scripts tailored to specific staple
foods, utilizing existing open-source and free Python-based tools,
enabled tracking and visualization of material and energy flows. This
process revealed inefficiencies and waste across multiple processing
stages, while also providing insights into the potential for circularity. It
considers the identification of the GWP, revealing that transitioning
from gasoline and woodfuel to renewable energy sources such as hybrid
solar-biogas can dramatically reduce CO2 emissions.

By considering double materiality, this study connects the immediate
and long-term economic benefits of renewable energy transitions with
their environmental advantages, providing a comprehensive evaluation
of the cassava-to-gari value chain.

From an energy and material standpoint, the MEFA techniques
enabled the isolation of specific stages in the process, such as the fresh
cassava input materials and the woodfuel at the roasting stage, where
emissions were highest. The shift from using inefficient wood-fueled
cookstoves to hybrid systems underscores the need for a sustainable
energy transition that addresses the overuse of local biomass resources
without replenishment, particularly in developing countries. The double
materiality further highlighted that high GHG-emitting materials are
also financially draining, further connecting the multifaceted nature of
high GWP sources. The dynamic materiality in this context demonstrates
that, while the initial cost of installing renewable energy may be higher,
the long-term benefits, both financially and environmentally, are
enormous.

The Python-based visualization tools also make an important
contribution by enabling government departments responsible for
agricultural extension and business services, or individual users, to
dynamically model multiple energy scenarios, which aids in decision-
making processes that consider both current and future implications.
These staple food-specific models offer a straightforward approach for
stakeholders to evaluate the dual and dynamic materiality of energy and
material flows in small-scale agricultural systems.

Although this study provides a comprehensive overview of staple
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food processing using cassava as a case study, further investigation is
needed to assess the scalability and replication of the proposed energy
transitions. Subsequent investigations must focus on the long-term sus-
tainability and financial feasibility of these alternative energy sources.
The suggested frameworks (MEFA, Double and Dynamic Materiality
reinforced LCSA) and Python tools in this study should be applied to
various systems, from cradle to grave. Additionally, it is essential to
monitor the social and governance implications of several issues,
including the physical effects of manual labor, exposure to smoke, heat
intensity, and cyanide concentration. Education level effects could also
be considered.

The study has highlighted that in ESG reporting, dynamic and double
materiality are crucial because they provide a thorough, forward-
looking, and stakeholder-inclusive approach. For instance, converting
cassava waste into biogas can lead to lower emissions and energy ex-
penses, increased profits, and the opportunity to generate more
employment. Companies should implement a comprehensive ESG
framework that utilizes both Dynamic and Double Materiality. By
addressing changing ESG risks and considering both financial and
impact perspectives, organizations can improve their decision-making,
enhance transparency, and foster trust among stakeholders. Utilizing
tools such as QMS, MEFA, and Python automation simplifies reporting
and ensures compliance with global standards like the International
Sustainability Standards Board (ISSB) and the Corporate Sustainability
Reporting Directive (CSRD).

Given the significance of resolving both double and dynamic mate-
riality, there is an urgent need to develop policies that will incentivise
the energy transition in staple food production, such as the removal or
reduction of import taxes on renewable energy systems. This would
promote not only instant financial benefits but also align with long-term
environmental sustainability goals. Targeted policy interventions that
support renewable energy infrastructure development and farmer and
processor education are essential for fostering this transition and are
directly aligned with SDGs 1, 2, 3, 5, 6, 7, 8, and climate action SDG 13.

By exploring both the dynamic financial and environmental aspects
of cassava processing through the lens of double and dynamic materi-
ality, this study lays the groundwork for a more holistic, real-time, and
sustainable approach to small-scale staple food production and other
processes. A future without the integration of real-time Financial and
Environmental Metering of energy-hungry processes is business as usual
and counterproductive to the attainment of the SDGs.
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