


Agriculture Carbon Footprint Assessor (ACFA ver 1.0): An effective Carbon Computing Standard for sustainable agriculture specially meant for Indian Perspective towards evaluation of the climate resiliency of the existing and future interventional agricultural practices
Abstract
Climate change impacts are making agricultural production systems increasingly vulnerable to meeting the growing food demands of the global population. In India, the challenge is even greater, as only 3.73% of agricultural land supports 17.76% of the world's population. To ensure safe food for all, agricultural practices must shift towards sustainability and climate resilience, particularly given that over 80% of farmers in India are smallholders with an average landholding of 0.38 hectares. Various initiatives have been attempted to enhance sustainability in food production, but measuring their impact remains difficult without universally accepted indices for climate-resilient agriculture (Zong et al., 2022). Agriculture, as the second-largest greenhouse gas (GHG) emitter, also has the potential to serve as a major carbon sink, presenting an opportunity for GHG mitigation (Sieber et al., 2015). Sustainable agriculture and GHG mitigation are closely linked; a truly sustainable food production system will inherently contribute to GHG reduction. To establish a standardized method for carbon footprint measurement in sustainable agriculture in India, it is essential to consider the country's agro-climatic variations, cultural practices, mechanization levels, and soil sink capacities while adapting emission factors to IPCC guidelines. In this context, the Inhana Organic Research Foundation (IORF) has created the Agriculture Carbon Footprint Assessor (ACFA-version 1.0) in collaboration with various research institutions. This standard effectively measured the carbon mitigation potential of the IBM-IORF Sustainability Project in Mandya, Karnataka, showing that transitioning to sustainable practices could mitigate 251.55 mt of CO2e/ha. This framework uniquely integrates region-specific parameters such as agro-climatic variability, input-use patterns, and soil carbon dynamics, ensuring greater accuracy in carbon footprint estimation for Indian agricultural systems. It also enables a comprehensive assessment of both emission sources and carbon sequestration potential under diverse farming practices. This initiative represents a significant step towards achieving Sustainable Development Goals (SDGs) and net-zero compliance in Indian agriculture.
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Introduction
Climate change is significantly impacting agricultural production systems, posing challenges to meeting the growing food demands of the global population. About 80% of the global population most at risk from crop failures and hunger from climate change are in Sub-Saharan Africa, South Asia, and Southeast Asia, where farming families are disproportionally poor and vulnerable (WBR, 2022). Extremes of climate change are expected to adversely affect the four pillars of food security – availability, access, utilization and stability – and their interactions (Frona et al, 2021). 
A study published in the journal “Philosophical Transactions of the Royal Society A” specifically mentioned that India is among the countries at the greatest risk of food insecurity due to weather extremes caused by climate change. This issue is exacerbated by the fact that Indian agriculture relies more heavily on climatic conditions than that of any other agriculturally progressive nation. Monsoons are still the lifelines for more than 52 percent of our farmland (Sharma et al., 2023). Therefore, even a small change in climate can significantly affect the output from half of the country’s cultivated land. Additionally, changing climate conditions have a profound impact on water availability for agriculture. Indian agriculture pumps more than twice as much groundwater as China or the United States, just to irrigate half of its farmland (Shah, 2020).
The global focus on achieving net-zero emissions has highlighted the critical role of agriculture as both a source and a sink of greenhouse gases. Agricultural systems have the potential to sequester significant amounts of carbon through improved soil management and biomass recycling, while also contributing to emissions through intensive input use and land management practices (Kamyab et al., 2024). Recent studies emphasize that sustainable farming approaches based on circular bioeconomy principles can simultaneously enhance productivity and reduce emissions. In particular, coconut-based integrated farming systems have been identified as efficient models due to their ability to optimize resource use, improve carbon sequestration, and provide diversified income sources for farmers (Bera et al., 2026).
Rising temperatures can stress crops and reduce yields, particularly for temperature-sensitive crops like wheat, rice, and maize whereas prolonged heat waves can damage plants, reduce soil fertility, and lead to livestock stress (Kumar et al., 2025). On the other hand, unpredictable rainfall and prolonged droughts can lead to water scarcity, affecting irrigation-dependent and rain-fed agriculture, where as intense rainfall can cause flooding, soil erosion, and waterlogging, damaging crops and infrastructure. At the sametime, warmer temperatures and changing ecosystems can expand the range of pests and diseases, increasing crop losses and the need for chemical inputs which can lead to higher costs and environmental concerns related to pesticide use. Thus long-term sustainability of the biosphere requires the rapid elimination of the overexploitation of non-renewable natural resources and the overexploitation of ecosystems induced by economic growth (Frona et al, 2021). 
On the other hand, developing an effective Carbon Footprint Standard for sustainable agriculture is a cornerstone of global efforts to combat climate change, promote sustainable food systems, and ensure equitable economic opportunities for farmers (Wijerathna-Yapa & Pathirana, 2022). It serves as a critical tool for aligning agricultural practices with environmental and societal goals. An effective standard provides clear guidelines for sustainable farming by encouraging practices that sequester carbon in soil, promoting efficient resource use and energy conservation and supporting regenerative agriculture that enhances soil and plant health as well as ecosystem services. 
Climate change and Indian agriculture
Climate change significantly impacts Indian agriculture, a sector that is the backbone of the country's economy and sustains nearly half of its population. The effects are multi-faceted, influencing crop yields, water resources, soil health, and the livelihoods of millions of farmers (Rashami et al., 2025). The climate change impact assessment carried out using the crop simulation models by incorporating the projected climates of 2050 & 2080 indicated that in absence of sustainable measures, rainfed rice yields in India are projected to reduce by 20% in 2050 and 47% in 2080 scenarios while, irrigated rice yields are projected to reduce by 3.5% in 2050 and 5% in 2080 scenarios (PIB, 2023). Currently, the annual average crop losses due to extreme weather events alone is resulting into losses estimated at around 0.25 percent of India's GDP (Singh et al., 2019). While the climate and agricultural production system changes will affect food security, farmers are the first to feel the worst hits (Soubry et al., 2020) and crop loss leads to farmer distress, inflation, and, as a result, far-reaching economic consequences (Datta et al, 2022)
Addressing climate change in Indian agriculture requires a multi-pronged approach, integrating technology, policy, and traditional knowledge (Srinivasrao et al, 2024). Unless the soil's ability to recharge is restored, its water-holding capacity will not improve. Until this is achieved, water use efficiency, whether in irrigated or rainfed conditions, will not be able to accommodate the impacts of climate change. Building resilience in the sector is crucial not only for the livelihoods of millions of farmers but also for ensuring food security and sustainable economic growth (Ravisankar et al., 2022). Sustainable agriculture plays a critical role in mitigating climate change by promoting practices that reduce greenhouse gas emissions, enhance carbon sequestration, and build resilience against climate impacts.
What is sustainable agriculture means
Sustainable agriculture refers to farming practices that aim to meet current food and fiber needs without compromising the ability of future generations to meet their own needs. It focuses on balancing environmental health, economic profitability, and social equity. The key principles of sustainable agriculture include (i) Preserving natural resources such as soil, water, and biodiversity. (ii) Minimizing pollution and reducing reliance on non-renewable resources, {iii) support practices like organic farming, regenerative agriculture and program to reduce dependency on chemical pest management to maintain ecosystem balance. The focus tends to be on sequestering atmospheric carbon and improving the conservation of natural resources, such as soil, air and water (SARE, 2023). At the same time sustainable agriculture and plant health are deeply interconnected and play a vital role in ensuring food security, environmental preservation, and economic stability. Healthy plants contribute to higher yields, better quality produce, and reduced dependency on external inputs (Shah & Wu, 2019). Strategies to promote plant health should include management practices that influences to enhance plant physiological functioning towards efficient photosynthesis and better metabolism as only plants have the unique quality of self-nourishment and self-protection (Bera et al., 2025). 
The concept of sustainable agriculture is increasingly being linked with circular bioeconomy approaches, where agricultural waste is recycled and reused within the system to minimize environmental impact. Circular models focus on converting biomass waste into valuable inputs, thereby reducing dependency on external resources and lowering emissions.
Relevance of sustainable agriculture in India’s perspective
Climate change is a harsh reality, and we must embrace the idea of climate-resilient agriculture to avoid food shortages. To achieve this, sustainability must be prioritized, focusing on maximizing resource potential. Sustainable agriculture is highly relevant in India due to the country's unique socio-economic, environmental, and agricultural context as it holds the key to ensuring a balance between agricultural productivity, environmental health, and economic well-being in India (Czyżewski & Kryszak, 2022). Today, the Indian agriculture sector is at crossroads of transformation. The modern resource-intensive farming techniques introduced during the green revolution have reached their limits (Singh et al., 2019). On the other hand, there is growing awareness about food safety, nutrition, and the ecological impact of current farming practices. At the same time, despite its relevance, several challenges hinder the widespread adoption of sustainable farming in India viz lack of awareness and training among farmers, initial transition costs and risks and limited policy support and access to markets for sustainable produce. Despites the odds, there is a growing consensus that Indian agriculture has reached a stage where it needs to move from resource-intensive agricultural methods to more sustainable and environment-friendly farming. However, any transition to sustainable agriculture should be well-calibrated, taking learning from the recent crisis in Sri Lanka due to the abrupt shift towards organic farming. However, by integrating traditional knowledge with modern sustainable practices, India can address its agricultural challenges while ensuring environmental conservation and socio-economic well-being.
Development of Carbon Computing Standard to assess sustainability 
The development of a Carbon Computing Standard to assess sustainability in agriculture is an essential step toward promoting environmentally friendly farming practices and achieving global climate goals. The primary goal of the Carbon Computing Standard is to provide a consistent and accurate framework to measure, track, and report carbon emissions and sequestration in agricultural systems (Paustian et al., 2019). The standard should (i) Cover diverse agricultural practices (e.g., crop farming, livestock management, agroforestry), (ii) Address both direct and indirect emissions (e.g., machinery use, fertilizer production, and supply chain impacts), (iii) Include carbon sequestration practices. India currently faces a significant gap in establishing a standardized framework for carbon computing in agriculture, which is critical for assessing and promoting sustainability in the sector (Rakshit et al., 2025). Accurate quantification of agricultural carbon outcomes is the basis for achieving emission reductions for agriculture, but existing approaches for measuring carbon outcomes (including direct measurements, emission factors, and process-based modeling) fall short of achieving the required accuracy and scalability necessary to support credible, verifiable, and cost-effective measurement and improvement of these carbon outcomes (Guan et al, 2023)
At the same time, urgent need to combat climate change and achieve sustainable development has led many companies to make climate pledges aimed at reducing their carbon footprints (Pineda and Faria, 2019). This, in turn, has stimulated the growth of agricultural carbon markets, encouraging farmers to adopt sustainable practices (Stubbs et al., 2021). Accurate measurement of carbon emissions and removals due to these practices is essential for effective carbon in setting and offsetting programs in agriculture. However, the existing scientific literature does not yet provide clear conclusions about where, when, and to what extent these practices may lead to genuine reductions in greenhouse gas (GHG) emissions or carbon removal (Bradford et al., 2019; Smith et al., 2020). Thus, the creation of the standard should involve collaboration between stakeholders, including (i) Researchers and Scientists to ensure robust methodologies, (ii) Farmers and Agribusinesses to align standards with practical realities, (iii) Government and NGOs to promote policy alignment and adoption and (iv) Technology Providers to integrate digital tools for data collection and analysis.
But to make carbon footprint measurement standard for sustainable agriculture in India, our agro-climatic variation, diversity in cultural practices, extend of mechanization and most importantly variation in soil sink capacity need to be taken under consideration and India specific emission factor need to be amalgamated with IPCC guidelines as well as findings from scientists working in Indian ecosystem in similar domain. 
Agriculture Carbon Footprint Assessor (ACFA): India’s own carbon computing standard for sustainable agriculture
To make agriculture more climate resilient and sustainable, more and more nature harnessed farming activities need to be introduced. But the major challenge is to measure the actual impact of management changes on long term sustainability and climate change mitigation. In this respect, measuring carbon footprint immerge as one of the most suitable and scientific methodologies. However, till now there is no comprehensive carbon measurement standard developed in India which can help to measure carbon footprint for Sustainable agriculture considering the diversity and the variability of Indian agro-ecological region, cultural practices, input usage, energy use pattern, transportation, man and machine interaction. In this background, Inhana Organic Research Foundation (IORF) has developed a carbon footprint measurement standard called Agriculture Carbon Footprint Assessor (ACFA-version 1.0) for sustainable agriculture in India in association with Agricultural Technology Application Research Institute (ATARI), ICAR, Kolkata  and active support from scientists from several research institutes, universities and carbon auditing organization viz Visva Bharati University, Bidhan Chandra Krishi Viswavidyalaya (BCKV), University of Calcutta(CU), Indian Statistical Institute (ISI), Nadia Krishi Vigyan Kendra, BCKV, ICAR-ATARI, Kolkata and i-NoCarbon, UK. This is probably the 1st comprehensive carbon computing tool for sustainable agriculture developed by Indian Scientists considering conditions in Indian Ecosystem viz. diversity in agro-ecosystem, variation in cultivation practice, on-farm and off-farm input usage pattern, energy usage, residue management, and transport.
The basic framework of ACFA-Version 1.0 and 2.0 was based on Intergovernmental Panel on Climate Change (IPCC) guidelines for National Greenhouse Gas inventories (IPCC 2006, 2019) and follows the guidelines of ‘GHG Protocol Agricultural Guidance’ developed by World Resource Institute (WRI) and World Business Council on Sustainable Development (WBCSD), ISO 14064 (Part 1, 2 & 3) and PAS 60 of British Standard Institution (BSI). This carbon accounting standard on the one hand can help the Government Agencies and Indian Policy makers towards taking any sustainable blueprint for Indian Agriculture and on the other hand can help the Agriculturists and Researchers in many ways towards measuring the sustainability of the farming system. 
Agriculture Carbon Footprint Assessor (ACFA ver 1.0)  is more advanced in terms of measuring carbon footprint  of different aspects of sustainable agriculture considering the latest IPCC guidelines and  related research findings in India and considered many factors like qualitative variation of organic manure/compost, considering carbon footprint values of sustainable /organic inputs, agro-climatic variation in paddy methane generation, embodied energy for  farm machinery  etc which are absent in most of the carbon accounting tool presently working.
Most significantly, ACFA (ver 1.0) is probably the 1st one which incorporates a two-value approach, which indicates the effect over two different time horizons, is suggested by a number of studies in case of CO2 and CH4 to find out more realistic carbon footprint as also indicated In the Sixth Assessment Report of IPCC (AR6) which said multi-basket approaches have many precedents in environmental management, including the Montreal Protocol. A two-basket approach for interim milestones-as opposed to a one-basket interim milestone-is critical because reducing short- and long-lived GHGs benefit the climate over different timescales, and there is a possibility of missing out better outcomes in both the near- and long-term, if the gases are combined into one target.
Carbon Footprint measurement through ACFA (version 1.0) in Sustainable Agricultural Program
Quantification of Agriculture GHG emissions is the first step to estimate emissions, and identify mitigation responses that are consistent with the food security and economic development priorities especially in respect of the small and marginal land holders. The IBM-IORF ‘Clean Food’ Project (2021-22 to 2023-24) primarily demonstrated ‘Safe and Sustainable’ Food production with the complete elimination of the chemical pesticide and lowering of fertilizer dose (especially nitrate)- enabled through the induction of IRF Technology. The project gave the impetus to record the GHG emission/ mitigation under sustainable agriculture as compared to conventional crop production.
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	Fig 1: Flow diagram of GHG reduction program under IBM-IORF Sustainability Project



The Carbon Footprint measurement standard developed under ACFA (ver-1.0) has been instrumental in measuring the carbon mitigation potential of IBM-IORF Sustainability Project at Mandya, Karnataka, India. The study (Third-party evaluation by i-NoCarbon, a UK based carbon auditing organization) showed transition to sustainable practice with the adoption of suitable agro-technology can lead up to mitigation of 251.55 mt of CO2e/ha. This phenomenal achievement was possible with effective resource recycling of landfill materials which are potential methane emitters. Thus, the initiative demonstrated an ecologically and economically sustainable agricultural model for the achievements of Sustainability Developmental Goals (SDGs) and Net-Zero compliance.  This will probably the 1st ever recognition of Agriculture-Net zero of any sustainable agricultural initiative in India.
Case Study: Mandya Sustainability Project
The Agriculture Carbon Footprint Assessor (ACFA ver 1.0) was applied under the IBM–IORF Sustainability Project in Mandya district, Karnataka, to evaluate the impact of sustainable agricultural interventions on greenhouse gas (GHG) emissions, productivity, and soil health. Under conventional farming conditions, the system was characterized by degraded red loamy soils, low microbial activity, and heavy dependence on synthetic fertilizers and pesticides, which contributed to higher emissions and declining productivity.
The intervention introduced a circular bioeconomy-based farming model integrating coconut-based intercropping systems with on-farm resource recycling through coir pith composting. This approach emphasized reduced chemical input dependency, improved nutrient cycling, and enhanced biological functioning of the soil system. As a result, significant environmental benefits were observed. Methane emissions were effectively reduced through composting of coir waste, with mitigation potential estimated at approximately 6000 t CO₂e per 1000 t of waste. Among the different cropping systems, the coconut–maize–vegetable model demonstrated the highest GHG mitigation potential, reaching 553.49 t CO₂e ha⁻¹ year⁻¹.
In addition to emission reduction, improvements in soil quality were evident. Soil organic carbon increased by nearly 28–30%, indicating enhanced carbon sequestration and restoration of soil health. Microbial activity and nutrient availability also showed positive trends, reflecting improved soil biological processes. Furthermore, energy-use efficiency improved considerably, with reduced energy consumption per unit of output under sustainable practices.
Productivity gains were also significant, with coconut equivalent yield increasing by up to 23.9% compared to conventional practices. The intervention contributed to higher farm income and reduced production costs due to decreased reliance on external inputs. Overall, the findings demonstrate that the integration of circular bioeconomy principles with sustainable agricultural practices can simultaneously enhance productivity, improve soil health, and achieve substantial climate change mitigation.
A detailed evaluation of coconut-based circular bioeconomy models under the same project further supports these findings. Comparative analysis of intercropping systems revealed that the adoption of sustainable practices significantly enhanced crop productivity and system performance. Coconut equivalent yield increased by up to 23.9%, particularly under coconut–ginger intercropping systems. Similarly, energy-use efficiency improved markedly, with energy consumption reduced from 3.09 MJ kg⁻¹ under conventional practices to as low as 0.93 MJ kg⁻¹ under improved management. These results highlight the potential of integrated farming systems to achieve higher productivity with lower environmental cost (Bera et al., 2026).
 Conclusion
Climate change poses a serious challenge to agricultural sustainability, food security, and the livelihoods of millions of farmers, particularly in countries like India where agriculture is highly climate-dependent. Addressing these challenges requires a systematic transition towards sustainable and climate-resilient agricultural practices. However, one of the major limitations in this transition has been the absence of a comprehensive and standardized framework to accurately measure and evaluate the carbon footprint of agricultural systems under diverse Indian agro-ecological conditions.
In this context, the development of the Agriculture Carbon Footprint Assessor (ACFA ver 1.0) represents a significant advancement in the field of sustainable agriculture. The tool provides a scientifically robust and region-specific framework for quantifying greenhouse gas emissions and carbon sequestration in agricultural systems, taking into account variations in agro-climatic zones, input usage, cultural practices, and soil carbon dynamics. By aligning with global standards such as IPCC guidelines while incorporating Indian-specific parameters, ACFA bridges an important gap between global methodologies and local applicability.
The application of ACFA under the IBM–IORF Sustainability Project in Mandya, Karnataka, clearly demonstrates its practical relevance and effectiveness. The findings indicate that the adoption of sustainable agricultural practices, supported by appropriate technological interventions, can lead to substantial greenhouse gas mitigation while simultaneously enhancing soil health, productivity, and economic returns. The observed carbon mitigation potential highlights the role of agriculture not only as a source of emissions but also as a significant carbon sink when managed sustainably.
Furthermore, the study emphasizes that sustainable agriculture is not limited to environmental benefits alone but also contributes to improved resource-use efficiency, reduced dependency on external inputs, and enhanced livelihood security for farmers. The integration of circular bioeconomy principles, efficient nutrient management, and ecological farming practices can create a balanced system that supports both productivity and environmental conservation.
Despite these promising outcomes, the successful large-scale adoption of such frameworks requires supportive policy measures, capacity building among farmers, and integration with digital tools for real-time monitoring and reporting. Future advancements of ACFA may focus on expanding its scope to include livestock systems, supply chain emissions, and integration with emerging technologies such as remote sensing and artificial intelligence for improved accuracy and scalability.
In conclusion, ACFA (ver 1.0) can serve as a benchmark tool for researchers, policymakers, and practitioners in designing and evaluating sustainable agricultural systems in India. It provides a pathway for linking farm-level practices with national and global climate goals, including Sustainable Development Goals (SDGs) and net-zero commitments. The adoption of such standardized carbon accounting frameworks has the potential to drive a transformative shift towards climate-resilient, economically viable, and environmentally sustainable agriculture.
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