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Energy Budgeting of Organic Integrated Farming System Under Irrigated Ecology

ABSTRACT
Efficient energy utilization is critical for enhancing the productivity and sustainability of agricultural systems, particularly within integrated organic frameworks. This study, conducted during 2023-24 at Dr. Panjabrao Deshmukh Krishi Vidyapeeth, Akola, evaluated the energy dynamics of an Integrated Organic Farming System (IOFS) comprising five interdependent components: crops, vegetables, livestock, vermicomposting and a nutritional garden. System inputs and outputs were quantified and converted into energy equivalents to compute key thermodynamic indices. Results revealed significant variations in energy dynamics across the module. The livestock component demanded the highest energy input (58,987.12 MJ) due to substantial feed requirements, followed by vegetables (3,733.06 MJ) and crops (2,019.88 MJ). Livestock also yielded the highest total energy output (42,910.20 MJ), followed by crops (24,823.93 MJ) and vegetables (7,840.92 MJ). Despite lower absolute energy outputs, the crop component demonstrated the highest energy use efficiency (12.39), net energy gain (22,804.05 MJ) and energy profitability (11.29). In contrast, the livestock and nutritional garden components exhibited negative net energy gains (-16,076.92 MJ and -50.13 MJ, respectively), reflecting higher relative energy consumption. Energy productivity peaked in the vermicomposting unit (1.21 kg MJ⁻¹). Across all components, renewable energy constituted the dominant share, underscoring the system's reduced reliance on non-renewable sources. 
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INTRODUCTION
Energy is a fundamental driver of agricultural production, influencing system productivity, resource-use efficiency and long-term sustainability (Pimentel and Pimentel, 2008; Fluck, 1992). Agricultural systems depend on both direct energy sources such as human labour, fuel and electricity and indirect energy embodied in inputs like seeds, manures and farm machinery (Singh et al., 2002; Ozkan et al., 2004a). In recent years, increasing concerns over resource depletion, rising input costs and environmental degradation have highlighted the need to evaluate how efficiently energy is utilized in farming systems (Han et al., 2024). Therefore, the proper assessment of energy from agriculture systems is important to achieve affordable and clean energy (Goal 7), decent work and economic growth (Goal 8), responsible consumption and production (Goal 12) and climate action (Goal 13) (UN, 2026).  Energy budgeting, which systematically quantifies energy inputs and outputs, has become a crucial tool for evaluating the performance and sustainability of agricultural production systems. (Pimentel and Pimentel, 2008; Iswarya et al., 2024).
Integrated Farming Systems (IFS) have emerged as efficient production models that enhance resource utilization through the integration of multiple farm enterprises, including crops, livestock and allied components (Edwards et al., 1993). From an energy perspective, IFS operate through internal cycling of biomass and nutrients, where the by-products of one component serve as inputs for another, thereby improving system efficiency. For instance, crop residues are used as livestock feed, while animal waste is recycled as organic manure, reducing dependence on external inputs and associated energy costs (Paramesh et al., 2021; Sammauria et al., 2025). Such interlinkages improve energy flow within the system and enhance overall energy use efficiency by minimizing losses and maximizing resource conversion.
Parallel to this, organic farming has gained prominence as an environmentally sound approach that emphasizes the use of renewable resources, biological nutrient cycling and ecological balance (Lampkin, 1990; Reganold and Wachter, 2016). Organic production systems avoid synthetic fertilizers and pesticides, instead relying on organic inputs such as farmyard manure, compost and biofertilizers, along with practices like crop rotation and biological pest management (IFOAM, 2014; Meshram et al., 2026). These practices significantly reduce the indirect energy associated with the manufacture and transport of chemical inputs, while improving soil biological activity and nutrient cycling (Dalgaard et al., 2001; Gomiero et al., 2011). Recent studies have indicated that organic systems can reduce external energy consumption and enhance sustainability without compromising productivity (Iswarya et al., 2024; Bocean et al., 2025)
	The integration of IFS principles with organic farming practices leads to the development of an Integrated Organic Farming System (IOFS), which represents a holistic and resource-efficient approach to agriculture (Kumar et al., 2012). IOFS strengthens internal energy dynamics by maximizing on-farm resource recycling and minimizing reliance on external inputs (Layek et al., 2023). The interconnected structure of crops, livestock and other enterprises facilitates efficient utilization of biomass, improves nutrient cycling and enhances system resilience (Ramana et al., 2024). As a result, IOFS has the potential to achieve higher energy efficiency and sustainability through effective management of available resources (Babu et al., 2023).
In such complex and diversified systems, energy analysis becomes essential to understand how different components contribute to overall system performance (Fluck, 1992; Ozkan et al., 2004a). Energy budgeting provides a quantitative framework to evaluate total energy input, energy output and key indices such as energy use efficiency, net energy return and energy productivity (Pimentel and Pimentel, 2008; Singh et al., 2002). These indicators are crucial for identifying efficient resource-use patterns and optimizing system performance (Dalgaard et al., 2001). Despite the recognized potential of IOFS, detailed and location-specific studies focusing on its energy dynamics remain limited.
Therefore, a systematic assessment of energy budgeting in an Integrated Organic Farming System module is necessary to quantify its efficiency and understand its functional dynamics. The present study aims to evaluate the energy inputs, outputs and overall energy efficiency of an IOFS module, with particular emphasis on sustainability and resource-use optimization.
MATERIAL AND METHOD
A field experiment was conducted during 2023-24 at the research farm of the Department of Agronomy, Centre for Organic Agriculture Research and Training, Dr. Panjabrao Deshmukh Krishi Vidyapeeth, Akola, Maharashtra, India, to evaluate the energy dynamics of a location-specific Integrated Organic Farming System (IOFS) under irrigated conditions of the Vidarbha region, where detailed and location-specific studies on energy dynamics of such systems remain limited. A one-acre (0.40 ha) IOFS model was designed and implemented by integrating five functional components, namely crop (0.20 ha), vegetable (0.10 ha), livestock (0.05 ha), vermicomposting unit (0.02 ha) and a nutritional garden (0.03 ha), forming a biologically linked and resource-recycling production system. The structural configuration of the model was based on an appraisal of existing farming practices commonly followed by small and marginal farmers of the region to ensure its practical relevance and adaptability. The crop component comprised two cropping systems: Cropping System- I included cotton + blackgram (2:1) intercropping during kharif followed by summer sesame, while Cropping System- II consisted of sole soybean during kharif followed by chickpea intercropped with coriander (2:1) and chickpea intercropped with ajwain (2:1) during rabi. The vegetable component included a range of seasonal vegetables cultivated throughout the year under organic management practices, while the livestock component comprised two Sahiwal cows supported by on-farm green fodder production through Napier grass. The vermicomposting unit consisted of four vermibeds utilized for recycling crop residues and livestock waste into nutrient-rich compost, and the nutritional garden was developed with seasonal vegetables to ensure household nutritional security. All components were functionally integrated to facilitate efficient recycling of biomass and nutrients, thereby enhancing system sustainability and overall energy use efficiency.
Climatically, the region is characterized by three distinct cropping periods, namely the kharif season (June to October), rabi season (November to February) and summer season (March to May), which directed the temporal arrangement of system components. The experimental field possessed clay loam soil texture and was geographically situated at 20°42′ N latitude and 77°02′ E longitude. The investigation focused on a comprehensive quantification of energy flows within the system, including estimation of total energy inputs and outputs, assessment of energy use efficiency, calculation of net energy balance and evaluation of multiple derived energy indicators across individual components as well as the integrated system. 
The energy performance of the system was evaluated using standard indices, calculated as follows:
Energy use efficiency (EUE) was calculated as the ratio of total energy output (TEₒᵤₜ) to total energy input (TEᵢₙ) [EUE = TEₒᵤₜ / TEᵢₙ]. Net energy gain (NEG) was obtained as the difference between total energy output and total energy input [NEG = TEₒᵤₜ − TEᵢₙ]. Energy productivity was calculated as the ratio of Seed cotton equivalent yield (SCEY (kg)) to the total energy input (MJ) [Energy productivity = SCEY (kg)/ TEᵢₙ]. Energy profitability (EP) was computed as the ratio of net energy gain to total energy input [EP = NEG / TEᵢₙ]. Direct energy (DE) included the sum of energy from human labour, fuel and electricity [DE = Labour + Fuel+ Electricity], whereas indirect energy (IE) comprised the embodied energy of inputs such as seeds, feed, fertilizers, chemicals, machinery and irrigation water [IE = Seed + Feed + Fertilizers + Chemicals + Machinery + Water]. Renewable energy (RE) consisted of energy derived from human labour, organic fertilizers, biopesticides and feed [RE = Labour + Organic Fertilizers + biopesticides + Feed], while non-renewable energy (NRE) included contributions from fuel, electricity, seeds, fertilizers, chemicals and machinery [NRE = Fuel + Electricity + Seed + Fertilizers + Chemicals + Machinery]. Human energy profitability (HEP) was determined as the ratio of total energy output to labour energy input [HEP = Total Energy Output / Labour Energy Input].
All input variables, including human labour, fuel, electricity, manure, feed, seed, biofertilizers, biopesticides, machinery use and irrigation water, along with system outputs such as grains (main produce), vegetables, milk, manure, and other primary as well as secondary products of the IOFS module, were initially quantified in their respective physical units and subsequently transformed into energy equivalents (MJ) using standardized conversion coefficients reported in (Table 1). These energy equivalents were then utilized for computing various energy indices. The energy contribution from green fodder crops was estimated on the basis of their dry matter yield rather than fresh biomass. Different categories of farm machinery were used for operations such as land preparation, irrigation, harvesting, threshing and transportation; therefore, the associated energy was apportioned based on their effective utilization. The machinery energy was calculated using the concept of distributed weight, derived as: machinery weight divided by the product of its economic lifespan, number of days in a year (365 or 366 in a leap year) and average daily operating hours (8 hrs.), following the approach described by Soni et al. (2013).



Table 1. Energy equivalents of inputs and outputs used in the study
	Sr. No.
	Particulars
	Energy equivalent         (MJ unit⁻¹)
	Reference

	A) Inputs

	1
	Male labour (man-hour)
	1.96
	Singh and Mittal (1992)

	2
	Female labour (woman-hour)
	1.57
	Singh and Mittal (1992)

	3
	Diesel (L)
	56.31
	Singh and Mittal (1992)

	4
	Electricity (kWh)
	11.93
	Ozkan et al. (2004b)

	5
	Tractor (kg)
	40.49
	Singh and Mittal (1992)

	6
	Harrow (kg)
	14.58
	Singh and Mittal (1992)

	7
	Rotavator (kg)
	19.44
	Singh and Mittal (1992)

	8
	Electric motor (kg)
	0.53
	Singh and Mittal (1992)

	9
	Vermicompost (kg)
	0.5
	Mandal et al. (2002)

	10
	Biofertilizers (kg)
	10
	Devasenapathy et al. (2009)

	11
	Beejamrut (L)
	0.03
	Estimated based on Devasenapathy et al. (2009)

	12
	Jeevamrut (L)
	0.03
	Estimated based on Devasenapathy et al. (2009)

	13
	Vermiwash (L)
	0.1
	Estimated (no standard reference available)

	14
	Biopesticides (kg or L)
	0.1
	Devasenapathy et al. (2009)

	15
	NSKE (kg or L)
	0.3
	Devasenapathy et al. (2009)

	16
	Trichoderma (kg)
	0.1
	Devasenapathy et al. (2009)

	17
	Seed cotton (kg)
	11.8
	Singh and Mittal (1992)

	18
	Chickpea/Blackgram seed (kg)
	14.7
	Gopalan et al. (1971)

	19
	Soybean/Cotton/Sesamum/Coriander/Ajwain seed (kg)
	25
	Gopalan et al. (1971)

	20
	Vegetable seeds (general) (kg)
	0.8
	Tuti et al. (2012)

	21
	Turmeric rhizome (kg)
	3.6
	Gopalan et al. (1971)

	22
	Onion seed (kg)
	1.6
	Gopalan et al. (1971)

	23
	Green fodder (kg)
	8.6
	Singh and Mittal (1992)

	24
	Dry fodder (kg)
	5.26
	Singh and Mittal (1992)

	25
	Concentrates (kg)
	6.3
	Singh and Mittal (1992)

	26
	Water (m³)
	1.02
	Tuti et al. (2012)

	27
	Napier rooted slips (kg)
	25
	Gopalan et al. (1971)

	28
	Okra seed (kg)
	1.6
	Gopalan et al. (1971)

	B) Output

	29
	Cotton stalk/Soybean straw/Sesamum stalk (kg)
	18
	Singh and Mittal (1992)

	30
	Chickpea/Blackgram/Coriander/Ajwain straw (kg)
	12.5
	Singh and Mittal (1992)

	31
	Vegetable by-products (kg)
	10
	Gopalan et al. (1971)

	32
	Milk (L)
	3.25
	Estimated 

	33
	Cow dung (kg)
	0.3
	Singh and Mittal (1992)

	34
	Cow urine (L)
	0.34
	Estimated 

	35
	Dried fodder (kg)
	18
	Singh and Mittal (1992)


RESULT AND DISCUSSION
Energy budgeting is crucial for designing an environmentally clean production system. The results revealed substantial variation in energy dynamics among different components of the system. (Table 2).
The total energy input was found to be highest in the livestock component (58987.12 MJ), followed by vegetable (3733.06 MJ), crop (2019.88 MJ), vermicompost unit (896.64 MJ) and nutritional garden (489.57 MJ). Similarly, the total energy output was recorded maximum in crop component (24823.93 MJ), followed by livestock (42910.20 MJ), vegetable (7840.92 MJ), vermicompost (1896.98 MJ), while the lowest output was observed in the nutritional garden (439.45 MJ). 
The higher energy input in livestock was primarily attributed to the large quantity of feed energy involved, which constituted a major share of indirect energy input. Babu et al. (2023) demonstrated that inclusion of livestock components had led to exceedingly energy-intensive systems compared to other production systems.
Table 2. Energy input output relationship and indices of an integrated organic farming system module
	Energy indices (MJ)
	2023

	
	Crop
	Vegetable
	Livestock
	Vermi- compost
	Nutritional Garden

	TE input (MJ)
	2019.88
	3733.06
	58987.12
	896.64
	489.57

	TE output (MJ)
	24823.93
	7840.92
	42910.20
	1896.98
	439.45

	TE output main (MJ)
	9544.19
	2623.92
	41171.83
	1857.00
	439.45

	Energy use efficiency ratio(EUE)
	12.39
	2.10
	0.73
	2.12
	0.90

	Net energy gain (NEG)
	22804.05
	4107.86
	-16076.92
	1000.34
	-50.13

	Energy productivity (kg MJ-1)
	0.29
	0.41
	0.07
	1.21
	0.54

	Energy profitability (EP)
	11.29
	1.10
	-0.27
	1.12
	-0.10

	Direct energy (DE)
	1082.87
	1358.15
	2754.51
	784.04
	234.24

	Indirect energy (IE)
	937.01
	2374.91
	56232.39
	112.60
	255.34

	Renewable energy (RE)
	1116.23
	2949.52
	58196.65
	854.64
	322.15

	Non-renewable energy (NRE)
	592.48
	783.54
	790.25
	42.00
	167.42

	Human energy profitability (HEP)
	53.32
	9.02
	21.70
	2.52
	4.52


The energy use efficiency ratio (EUE) exhibited considerable variation among components, with the highest value recorded in crop component (12.39), followed by vermicompost (2.12) and vegetable (2.10). In contrast, livestock (0.73) and nutritional garden (0.90) showed lower energy efficiency. This disparity can be attributed to the lower efficiency of livestock systems, primarily due to the substantial energy required for the maintenance of animal muscle, tissues and bones (Taki et al. 2012). Bayskar et al. (2026) reported that the lowest EER was recorded in livestock (1.03) compared with other components of the rainfed integrated farming system in the western plateau and hills of India.
 The net energy gain (NEG) was maximum in crop component (22804.05 MJ), followed by vegetable (4107.86 MJ) and vermicompost (1000.34 MJ), indicating their positive contribution towards system energy balance. However, livestock (-16076.92 MJ) and nutritional garden (-50.13 MJ) recorded negative net energy gain, suggesting that these components are energy-intensive and less efficient in terms of energy output. The negative energy balance in livestock can be attributed to inefficient feed conversion and higher maintenance energy requirements, which is in agreement with earlier findings of Wilkinson (2011), who highlighted that significant portions of feed energy are lost to basic metabolic maintenance rather than product yield, resulting in inherently poor feed conversion ratios. This systemic energy inefficiency is further corroborated by Dhanapala et al. (2023), who demonstrated through energy auditing that livestock components in diversified agricultural systems consistently exhibit higher comparative energy losses than crop components. Additionally, Smith et al. (2014) noted that these elevated feed conversion ratios and baseline energy requirements in animal production are the primary drivers of lower net energy efficiency within integrated and organic farming frameworks.
Energy productivity was highest in vermicompost unit (1.21 kg MJ⁻¹), followed by nutritional garden (0.54 kg MJ⁻¹), vegetable (0.41 kg MJ⁻¹) and crop (0.29 kg MJ⁻¹), while the lowest was recorded in livestock component (0.07 kg MJ⁻¹). This indicates that organic recycling units such as vermicomposting are more efficient in converting energy into biomass output compared to livestock enterprises. This stark contrast is driven by the fact that vermicomposting relies on low-energy biological mechanisms utilizing earthworms and microbes to upcycle organic waste which drastically minimizes the need for external, energy-intensive inputs (Mohite et al., 2024). In contrast, livestock rearing is inherently energy-demanding, requiring substantial direct and indirect energy investments for prolonged fodder cultivation, concentrate feeds, and daily metabolic maintenance (Kumar et al., 2023). Consequently, integrating organic recycling units is increasingly recognized as a vital strategy to buffer the heavy energy footprint of animal husbandry and elevate the overall eco-efficiency of mixed farming models (Fatima et al., 2023).
Energy profitability (EP) also followed a similar trend, with highest value in crop component (11.29), followed by vermicompost (1.12) and vegetable (1.10), whereas livestock (-0.27) and nutritional garden (-0.10) showed negative profitability. This further confirms that crop-based and recycling components are more energy efficient and economically viable within the IOFS module. These finding are in agreement with the study conducted by Fatima et al., 2023). 
Analysis of energy forms indicated that indirect energy dominated in livestock (56232.39 MJ), mainly due to feed inputs, whereas direct energy was comparatively higher in vegetable (1358.15 MJ) and crop (1082.87 MJ) components due to labour and operational activities. Renewable energy constituted the major share in livestock (58196.65 MJ) and vegetable (2949.52 MJ) components, highlighting the role of organic inputs and biological processes in the system. In contrast, non-renewable energy use was relatively low across all components, indicating the sustainability advantage of IOFS. Similar observations regarding higher renewable energy share in integrated systems were also reported by Kumar et al., 2019 and Sammauria et al., 2025.
The present study revealed that crop and vermicompost components were the most energy-efficient within the integrated system, whereas livestock and nutritional garden components were relatively less efficient due to higher energy consumption and lower output. However, despite lower energy efficiency, livestock plays a crucial role in nutrient recycling and system sustainability, which enhances the overall resilience of the integrated organic farming system.
CONCLUSION
The integrated organic farming system (IOFS) proved to be a highly efficient and ecologically sustainable production model, demonstrating superior energy use efficiency, positive energy returns and enhanced resource-use optimization across its components. Crop and vermicompost enterprises were the key drivers of system performance, delivering high energy productivity and profitability, while livestock contributed critically to internal nutrient cycling and system resilience despite its lower energy efficiency. The dominance of renewable energy inputs and minimal reliance on non-renewable sources further reinforce the environmental sustainability of the system. Overall, IOFS represents a robust and sustainable farming strategy with strong potential to enhance energy efficiency, resource recycling and long-term agricultural sustainability.
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