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Abstract 

For the nearly 70% of India’s population of 1.2 billion who reside in rural villages, 

agriculture is often the primary source of income, as well as of food, fodder and fuel. Rural 

agricultural systems are recognized as complex mixed-cropping-livestock systems, whereby 

primary and secondary products from one component of the system are used in another. For 

instance, primary products such as grain and milk from livestock can be used for human 

consumption, while secondary products such as crop residues can be used as fodder or fuel, while 

manure finds use as fertilizer. Variations in cropping pattern and intensity will determine the 

production potential of food, fodder and fuel within a region. As limiting factors, land area and 

yield must also be considered in agricultural planning activities. The present research aims to 

develop a rational method for crop selection within a particular agro-ecoregion. An optimization 

model is constructed to optimize for selected parameters that are set to maintain defined basic 

minimum standards for human nutritional and livestock fodder demands.  

 An agricultural survey was carried out in 2007 for three villages in Karnataka State, 

India. All three villages were located within the dryland agro-ecozone, where crop yields are 

relatively low. The survey was stratified according to household landholding area ranging from 

marginal (0-1 ha) to large (>4 ha). Information was solicited on the demographic indicators of the 

population, the cropping cycle and cropping varieties used within the regions, and certain 

livestock parameters were gathered. Various demands, such as human food energy and protein 

requirements as well as fodder, and constraints, such as land area, were modeled to determine the 

potential for food, fodder and fuel production under optimal cropping pattern. The linear 

programming software, What’sBest, Version 9.0 from LINDO systems, was used to solve the 

optimization model.  

Results indicate that the current export-driven cropping pattern produces inadequate food 

to satisfy human nutritional demands at the village level, particularly among marginal and small 

households, who produce in the range of only 10 and 50 % of required food energy and protein, 

respectively, on a household basis. The current cropping pattern is also inadequate to satisfy 

village-wide livestock fodder demand, especially in villages heavily centered on cash crops, 

wherein only 30-40 % of fodder demand can be accounted for.  

On an individual household level, it is determined that a minimum 0.8 ha of land area is 

required to satisfy both food and fodder demands, placing strain on marginal households, who 

own less then 1 ha of land. The optimization model also demonstrates that it is possible to 
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produce adequate food and fodder for both human and livestock consumption within the land area 

available in all the villages, if between 30-60% of land area is cultivated with food-based crops 

used for village wide consumption. This would require diversion of between 50 and 90 % of 

current land area under oilseeds and commercial crops to cereal based crops. In villages that 

cultivate sufficient proportion of cereal and pulse based food crops, as little as 4 % diversion of 

crops towards cereals may be necessary. Results also indicate that double cropping systems can 

generate crop residues sufficient to provide fuel for generation of 2.6-11.3 kWh/hh/day of 

electricity, adequate for cooking and lighting; this could be done at the same time as providing 

enough primary product to satisfy food and fodder needs.  
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Chapter 1 

Introduction, Background and Literature Review 

1.1 Introduction and study overview  

Adequate and reliable access to food and fuel energy is essential for societal development, 

and for poverty alleviation through provision of sufficient nutrition and income to satisfy health and 

other needs (Ailawadi and Bhattacharya, 2005; Kanagawa and Nakata, 2007). In India, 

approximately 70% of the population, over 700 million people, depend on agriculture; agriculture 

can thus be considered one of the main economic drivers (Agoramoorthy, 2008; Baruah and Bora, 

2008; Singh et al., 2007a).  

In the semi-arid1 regions of India 400 million people, of whom 30-40% are poor2, are 

dependent on low-productivity dryland agriculture for food, fodder and fuel (Bouma and Scott, 

2006). A 2001 survey on the diet and nutritional status of these rural populations indicated that 

across all age and physiological groups, the consumption of almost all foods was below the 

recommended daily intake as set out by the Government of India (NNMB, 2002). This suggests that 

inadequate production and/or retention of food within the villages may be occurring (McIntyre et 

al., 2001). This problem is compounded by a parallel requirement to produce additional biomass as 

a source of fodder for livestock and energy, used primarily for preparation of food. 

The prevailing form of agriculture in India involves complex mixed-cropping-livestock 

systems, and this integration of crop and livestock production is particularly common in small scale 

farming in rainfed areas of rural India (Devendra and Thomas, 2002; Rao and Hall, 2003; Thornton 

et al., 2003). In mixed-cropping-livestock systems, there exists a “complementarity in resource use”, 

whereby inputs of one system are supplied by outputs of another system (Devendra and Thomas,  

                                                      
1 Semi-arid is defined by a level of precipitation ranging from 400 to 800 mm/yr (Put and Spengen, 1988). 
2 Poor is defined as earning an income of less than $1 (US) per day. 
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2002, pg.27). For instance, draught animal power is frequently used for soil preparation in 

cultivation of crops, which in turn produces food for consumption and fodder for livestock 

(Devendra and Thomas, 2002). Such a ‘complementarity’ is referred to in this study as an integrated 

system.  

Furthermore, by integrating the production of food and fuel energy, such that by-products of 

one system are utilized as feedstock for another system, production of food and fuel energy can 

become more efficient (UNU, 1990). A community-focused approach to integrated food and fuel 

energy production seeks the following goals: to increase food productivity, to satisfy energy needs 

for agriculture and other social needs, to maximize utilization of resources and to do this in a way 

that benefits all classes of the community (UNU, 1990). In India, where cultivable land is limited, 

increased production of food, fodder and biomass based fuel will have to be met by cultivating the 

land more intensely (Wallace, 2000), and through more optimal utilization of resources. 

The present research seeks to explore the integrated nature of mixed-cropping-livestock 

production systems that define rural agriculture particularly in the semi-arid tropics. The study 

models the integration of food, fodder and fuel production for optimal resource and land use within 

agricultural systems of a selected semi-arid region of India. The study aims to develop a rational 

method for crop selection within a particular agroecoregion. The rationalization is used to determine 

how basic human and livestock nutritional and fuel energy requirements can best be met. The 

methodology is applied to the agricultural situation in three villages in Northern Karnataka and the 

results obtained can be used in policy development at a village or district level within the study 

regions. The general principles can also be used in making recommendations, through agricultural 

extension programmes, to individual farmers within the region (Babu et al., 1993). 

The crop selection protocols in this study allow for optimization of a single parameter under 

conditions that are set to maintain defined basic minimum standards in other important categories. 

Most of the scenarios examined in the present application seek to optimize the economic value of 

agricultural outputs while ensuring that basic nutritional needs of humans and livestock are met. At 
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the same time, the scenarios report on the amount of secondary biomass that is produced and that 

can be used as fuel. An additional scenario again incorporates the maintenance of nutritional 

requirements while seeking to maximize biomass production. A third application of the optimization 

procedures is to determine the minimum land area needed to satisfy the nutritional needs of an 

average household. For several of these variations, sensitivity testing is carried out. 

While the protocols that are developed here are tested using data obtained from a specific survey 

of three villages, they may be applied to other situations where similar data are available. Many 

other optimization goals may also be examined using these protocols – for example, maximizing 

overall nutritional output of a given area, or maximizing total economic value of crops independent 

of the need to provide for food requirements for the local population. 

  The goals of the present study are to: 
 

1) Develop an understanding of the food, fodder and fuel relationships in mixed-cropping-

livestock systems in rural villages of the dryland South under optimal and current 

production levels. 

 

2) Develop a flexible model that can be applied to any dryland region where similar data are 

available in order to be able to determine: 

 

a) the minimum land area and optimal cropping pattern that is required for maintaining 

food security3 at the household and village level, in addition to providing adequate 

fodder and fuel, 

 

b) the maximum economic value of products and maximum fuel production potential of 

a region without competition for food or fodder security, at the village level. 

 

                                                      
3 Food security in this study refers to provision of both adequate food quantity on a per capita basis (physical 
access) but also adequate quality to maintain physical well being for all members within a household and 
village at large (McIntyre, 2001; Suryanarayana, 1997). 
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3) Apply the results of the fuel optimization model at the village level to determine the 

potential for generating clean, decentralized electricity in rural regions of the semi-arid 

South. 

1.2  - Background and literature review 

In rural regions of India, people engage in agriculture to service food, fodder and fuel needs; 

the academic literature, however, has generally focused on each aspect separately, with periodic 

attempts through optimization models to integrate the various components of the rural agricultural 

system. Linear models such as those in which optimization is the focus, will be discussed in Section 

1.6. It is first necessary to consider the three components, food, fodder and fuel, and how they are 

integrated in the rural agricultural system.  

1.2.1  - Integrated food, fodder and fuel production in rural agricultural systems  

According to the United States Department of Agriculture (USDA), sustainable agriculture 

can be defined as “an integrated system of plant and animal production practices … that will over 

the long term satisfy food and fiber needs” of the population, in addition to sustaining “the 

economic viability of farm operations”. Sustainable agriculture also seeks to “enhance the quality of 

life for farmers and society as a whole” (USDA, 2007).  

In conjunction with the definition of sustainable agriculture as defined by the USDA, the 

primary role of agriculture is to grow grain and other foodstuffs that are capable of feeding a 

population by providing an adequate quantity of food, but also by providing food that is of an 

adequate quality to satisfy basic nutritional requirements (McIntyre et al., 2001). Livestock also 

serve important agricultural functions. Aside from providing high quality animal-based protein, 

integrating livestock rearing with cropping in rural agricultural systems diversifies income sources, 

and provides a measure of insurance against crop failures (Rao and Hall, 2003). However, adequate 

levels of fodder must also be provided for rearing of livestock. Finally, households in rural villages 

of India are still heavily dependent on non-conventional sources of fuel such as firewood and 

agricultural waste residues for cooking and heating water (Pachauri and Spreng, 2002; Viswanathan 
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and Kumar, 2005). Therefore, rural peoples are also reliant to a large extent on agriculture to 

provide an adequate quantity of fuel for daily use. 

Figure 1 captures some of the linkages between the cropping and livestock systems, and 

also articulates points of human consumption and dependence. While the figure is by no means 

inclusive of all the complex linkages in the agricultural system, it serves to highlight the 

interconnectedness of one cycle with another and the dependence of rural peoples on the agricultural 

system for many of its primary and secondary products. The figure also shows that while the 

primary products of the agricultural process, such as grain, are valuable in terms of both human 

nutritional value and commercial value, crop residues are also of great importance given their roles 

as significant fodder and fuel sources. Further, the figure illustrates the important role of livestock in 

the agricultural production system, particularly in the semi-arid regions of India where, as stated, 

livestock are heavily interlinked with cropping (Bradford, 1999; Rao and Hall, 2003). 

 

Figure 1: A block arrow diagram of an integrated rural agricultural system whereby products from 
the cropping cycle are linked with the inputs and outputs of the livestock cycle. 
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1.3  - Food  

1.3.1  - Food and the Indian diet – An overview  

An adequate level of nutrition is required for human development, growth and an overall 

healthy lifestyle. In addition, adequate intake (i.e. calories) contributes to an increase in human 

labour productivity and therefore the economy (Suryanarayana, 1997). Given the variable quality of 

nutrients within different foods, an individual’s ability to satisfy their nutritional needs will 

necessarily depend on quantity and type of food consumed (Gopalan et al., 1996). Availability of 

local foods will influence the range of foodstuffs consumed (Gopalan et al., 1996), particularly 

within rural regions of India which are often far removed from the larger agricultural markets of 

urban centers. Production of adequate food to satisfy a basic diet is thus essential, and is considered 

as a requirement within this study.  

A variety of nutrients, including energy, protein, vitamins and micronutrients should be 

considered in planning of food based systems as they are essential to one’s health and well-being 

(Korsaeth, 2008). Foods containing the aforementioned nutrients belong to various crop groups 

including cereals, pulses and legumes, nuts and oilseeds, vegetables, fruits, and animal products 

(meat, fish, eggs, milk and milk products) (Gopalan et al., 1996). Some foods are rich in particular 

nutrients, while others are deficient, but most foods contain at least a limited proportion of all 

nutrients (NNMB, 2002). Therefore, certain foods can be protein rich (i.e. pulses, oil seeds and 

nuts), energy rich (i.e. sugars), or high in important dietary fats (i.e. oils) (Gopalan, 1996; Wenk, 

2004). A successful food strategy will recognize the importance of both quantity and quality of food 

consumed by a population (McIntyre et al., 2001), and should therefore seek to establish the 

necessary nutrients in adequate proportions from a variety of foods and food groups. 

 The Indian diet is very diverse, and is based on traditional foods and preparation techniques 

that have been shaped by regional culture and custom over a long period of time (Inamdar et al., 

2005a, 2005b; Sinha et al., 2003). A generalization of a typical Indian diet is therefore difficult. 
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However, it is expected, especially within rural areas, that the local diet is heavily dependent on 

locally-produced food, and thus on the availability and cultivation of particular crops. 

While recognizing that a balanced diet requires a wide variety of foods, including fruits and 

vegetables for vitamin and mineral consumption, this study limits itself to consideration of what I 

will call a basic diet, one in which foodstuffs are consumed from four major crop groups (cereals, 

pulses and legumes, nuts and oilseeds and commercial crops4) to satisfy food energy and protein 

requirements on a household and village basis.  

1.3.2  – Principal food crops and their nutrient content  

In any given region, crops will be cultivated that are well suited to the region. Some of the 

key determining factors in the variety of crops selected are soil type, precipitation pattern, 

temperature and humidity (UAS, 1985). 

The principal crops of Northern Karnataka can be subdivided into four different crop 

classifications which are modeled in this study and presented in Table 1. These crop classifications 

are; cereals, pulses and legumes, nuts and oilseeds, and commercial crops. A single animal product, 

milk, is also included in the analysis, given that milk is a high quality source of protein and calcium 

(Gopalan et al., 1996). Other animal foods such as meats, fish and eggs are excluded from the list as 

they are rarely consumed in the predominantly vegetarian diet of the rural population in Karnataka 

(Anisha and Prema, 2008). Consider the four crop classifications and their associated crops. 

 

Cereals and millets 

 Cereals and millets are the least expensive and most widely available source of food in 

India, with the intake of cereals being the highest amongst poor households in comparison to more 

wealthy households (NNMB, 2002, Gopalan et al., 1996). Rice (Oryza sativa), wheat (Triticum 

aestivum), sorghum (jowar) (Jowar bicolor), maize (Zea mays), pearl millet (ragi) (Pennisetum 

glaucum) and little millet (bajra) (Panicum sumatrense) are the major cereals consumed in India 

                                                      
4 Commercial crops (i.e. onion and chilli) are consumed by the household but in very small amounts primarily 
for flavouring of dishes. 
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(Gopalan et al., 1996). Cereal grains make up 70-80% of the daily energy requirements in Indian 

diets (Gopalan et al., 1996). In particular, coarse cereals such as jowar, are grown for self-

consumption by farmers to satisfy intake of calories (Suryanarayana, 1997)  

In addition to food energy, protein is also obtained from cereals, although in lower quantity 

(Gopalan et al., 1996). In a vegetarian diet, however, a mixture of cereals and pulses can contribute 

to adequate protein requirements in terms of both quantity and quality (Gopalan et al., 1996). 

Besides providing for human nutrition, cereal crops such as jowar and maize are almost always 

grown as a dual-purpose crop to satisfy the additional needs for livestock fodder (Rao and Hall, 

2003). 

 

Pulses and legumes 

Pulses and legumes are an important source of protein (NNMB, 2002). The major pulses in 

Indian diets include bengalgram (chickpea) (Cicer arietinum), blackgram (black lentil, urad) (Vigna 

mungo), greengram (mung) (Vigna radiata), redgram (pigeon pea, toor, arhar) (Cajanus cajan) and 

horsegram (bean) (Dolichos biflorus) (Gopalan et al., 1996). In rural areas of Southern India, 

horsegram and greengram are the chief pulses consumed (Anisha and Prema, 2008). Over the past 

few decades, the production of pulses has fallen, while the population has increased causing market 

prices of pulses within India to increase; this raises concern regarding the ability of those with 

vegetarian diets to meet their protein intake requirements (Shetty, 2002). A 2000-2001 nation-wide 

study on the consumption of foodstuffs found that inadequate quantities of pulses were being 

consumed by the rural poor (NNMB, 2002). 

 

Nuts and Oilseeds 

 Nuts and oilseeds are a rich source of protein and fat, and as such provide a concentrated 

source of energy (Gopalan et al., 1996). Groundnut (Apios americana), sunflower (Helianthus 

annuus) and safflower (Carthamus tinctorius) are the primary crops belonging to this category that 

are cultivated in Northern Karnataka (Gopalan et al., 1996). Oilseeds produced in India are used 

primarily as an oil source.  
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Commercial crops 

In terms of assured income generation, farmers will elect to grow high value commercial 

crops that will provide assured return on investment (Kennedy et al., 2006). In Northern Karnataka, 

the primary commercial crops are cotton (Gossypium hirsutum), chilli (Capsicum annum) and onion 

(Allium cepa) (UAS, 1985). These commercial crops have limited or no human nutritive value and 

therefore are grown primarily for sale to the market, or in the case of onions and chilli, for 

consumption in small amounts for flavouring food (Gopalan et al., 1996). Commercial crops such as 

cotton and chilli are grown extensively throughout India; in fact India has the largest area under 

cotton cultivation in the world (Pemsl et al., 2004).   

 

Other crops and associated food groups 

Other food groups, including fruits and vegetables (green leafy vegetables, roots and tubers 

and other vegetables), are excluded from the analysis and modeling in this study, as it is 

predominantly concerned with satisfying basic nutritional demands of food energy and protein. In 

Northern Karnataka, fruits and vegetables are typically grown in small kitchen gardens adjacent to 

homes within the village. Qualitatively, they are an important component of the typical diet, but 

they contribute relatively small amounts to the food energy and protein needs of the average person 

(Gopalan et al., 1996). 

 

Seasonal periods of cultivation 

Cultivation of the crops belonging to the categories outlined above occurs during the kharif 

or monsoon season (July-October) and rabi or post-monsoon season (October-March) and in a small 

number of cases, when irrigation is available, during the zaid or summer (April-June) season. A 

brief description of the common crops cultivated in Northern Karnataka is presented in Table 1, 

providing detail on the sowing period, time to maturity, and typical yields. A detailed description of 

the principal crops can be found in Appendix A. Differences in yield are observed depending on the 

variety of crop and whether it is irrigated or rain-fed.  
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Table 1. Profile of the principal crops cultivated under rainfed farming in Northern Karnataka 
(study site). Irrigated farming is shown for comparison (UAS, 1985). 
 

Crop group Crop variety Sowing period Growing 
season 

Duration 
(days) 

Yield -
rainfed 
(t/ha) 

Yield - 
irrigated 

(t/ha) 

Cereals and 
millets 

Bajra (hybrid) June to July Kharif 85-90 1.5 3-3.7 
Jowar (local) Sept. to Oct. Rabi 125-130 1.2-1.5  
Jowar (hybrid) May to June Kharif 100-120 3-3.8 5 to 6.2 
Maize (hybrid) May to July Kharif 110-120 3-3.7 5 to 6 
Ragi June to Aug. Kharif 105-130 2 3.7-6 
Wheat Mid Oct. Rabi 110-115 0.7-1.2 2.5-3.7 

Pulses and 
legumes 

Bengalgram Oct. to Nov. Rabi 95-100 1 2-2.5 
Blackgram June to July Kharif 75-90 0.75-1.25 1.2-2 
Greengram June to July Kharif 65-80 0.5-0.75 1-1.25 
Redgram June to July Kharif 150-240 1.5-2   

Nuts and 
oilseeds 

Groundnut May to July Kharif 100-140 0.88-1.25 3.75 
Safflower Oct. to Nov.  K and R 115-120 1-1.25 2-2.5 
Sunflower Feb., Oct, June K, R, Z 90-100 1-1.5 2-2.5 

Commercial 
crops 

Chilli (dry) May to June Kharif 70-80 0.75-1 2-2.5 
Cotton May to August K and R 150-210 0.63-1 2-2.5 
Onion May to June Kharif   60-80  4-8  10-15 

 

1.4 - Fodder  

1.4.1 Principal fodder crops and livestock nutrient requirements 

The common livestock types found in rural India include buffalo, cattle, goats, sheep and 

chickens (Mandal et al., 2005; Paul et al., 2002). In Northern Karnataka, livestock is limited largely 

to buffalos, cattle and bullocks. These animals are important components of the rural economy, both 

as producers of milk and for transportation and draught power (Bradford, 1999; Devendra and 

Thomas, 2002). These products and services can be used within the household or can be sold to 

provide income for the family; livestock are therefore an important source of wealth and insurance 

particularly for farmers having smaller landholdings (Thornton et al., 2003). Livestock, however, 

also require food. To this end, farmers will cultivate a number of dual-purpose crops (i.e. maize), 

with the primary product (i.e. corn) providing food for humans and the secondary residues (i.e. 

stover) providing fodder (Paul et al., 2003a; Thornton et al., 2003). The two nutrient types most 

often cited as requirements for a basic diet of livestock include Digestible Crude Protein (DCP) and 
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Total Digestible Nutrient (TDN) (Paul, 2002, 2003a, 2003b); both of these are modeled in the 

current study. 

 

Principal fodder crops 

In the semi-arid regions of India, residues such as coarse cereal straw and leafy material 

from leguminous crops are the most important sources of fodder for ruminant livestock due to the 

lack of and expense of alternative feeds (Rao and Hall, 2003). Indian livestock consume cereal 

based residues including jowar stover, maize stover and wheat straw, as well as leguminous-based 

residues from greengram, bengalgram and horsegram (Blummel et al., 2003; Paul et al., 2003b). In 

addition to these common fodder crops, many farmers also add feed supplements consisting of 

mineral mixtures in a concentrated form to enhance nutrient uptake in livestock (Paul et al., 2003b). 

Grasses from pastures, wastelands and fallow land, as well as green fodder from forage crops such 

as alfalfa are also occasionally used as feed (Rao and Hall, 2003). In evaluating animal nutrition, the 

current study considers only fodder that is produced as a by-product of agriculture in residue form, 

as is discussed further in Section 2.2.2. 

Residues of commercial crops and nuts and oilseeds are not palatable or favoured by 

livestock, and therefore these crops are not suitable sources of fodder. Thus, just as certain food 

crops have nutritional advantages over others, certain residues are also preferred and better suited 

for livestock fodder (Mandal et al., 2005). Recognizing livestock fodder preferences, an adequate 

quantity and quality of residues will be modeled for livestock consumption in the present study, as 

this will influence body weight gain, milk production and development (Khalili et al., 2002; Mandal 

et al., 2005; Paul et al., 2003b). A 1999 study by Kristjanson and Zerbini (as cited in Rao and Hall, 

2003) found that a 5 % increase in milk production was observed through a 1 % increase in the total 

digestible nutrient of jowar stover. The study by Parikh and Ramanathan (1999) found that 

improved feeding practices can lead to 15% increased production of manure.  
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 Given India’s limited feed resources, efficient utilization of these materials needs to be 

considered (Mandal et al., 2005). Through the optimization protocol, an optimal allocation of crop 

residues for fodder for livestock will be determined as part of the integrated system being modeled. 

1.5  - Fuel 

1.5.1  - Biomass as a fuel: fuel residues and energy content 

Apart from residues used as livestock fodder, those residues that are not palatable by 

livestock, and/or residues produced in excess, can be utilized as a household fuel source otherwise 

known as biomass. 

Biomass is a general term used to describe plant-based material, whether algae, trees or 

crops. Energy is stored in the chemical bonds of the organic matter, which is released upon 

combustion (McKendry, 2002). Biomass can be primary or secondary in nature. Primary biomass is 

biomass that is produced through commercial energy farming, whereby woody crops and grasses are 

grown on agricultural land for production of energy through either direct combustion or conversion 

to liquid or gaseous fuels (McKendry, 2002). Primary biomass crops typically have low or no 

nutritional value to humans. Secondary biomass is generated as a by-product of food production, 

such that the residues remaining after the primary product has been recovered are combusted for 

energy (McKendry, 2002). This study is concerned with determining the potential availability of 

energy from secondary rather than primary biomass.  

 Certain chemical and structural properties determine the energy content of biomass and 

therefore the energy content of a biomass material varies, with woody material such as fuel-wood 

and cotton sticks usually having higher heating values given their greater lignin content (McKendry, 

2002; Rao et al., 1992). Crop residues such as jowar stover and maize stalks are composed mainly 

of cellulosic fibre, and therefore on a per tonne basis have a slightly lower heating value than woody 

residues (McKendry, 2002; Rao et al., 1992) (see Section 2.2.2). 

In rural India in the early twenty-first century, biomass still makes up approximately 75% of 

energy consumption, primarily in the form of firewood and agricultural residues. The collection of 
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the former is unsustainable, generally leading to the depletion of forest biomass (Ramachandra et 

al., 2004). The observed over-consumption of fuelwood is in large part due to population growth 

and increasing demand for cooking fuels, but is also due to the inefficient utilization of fuelwood for 

cooking (Alam et al., 1990; Bala, 1997; Jebaraj and Iniyan, 2006). In order to deal with the issue of 

deforestation, Nagothu (2001) argues that there are certain local-specific strategies that are being 

incorporated in rural villages, whereby substitution of fuel-wood with crop residues is occurring. 

This method of decrease in fuel-wood use is assessed in the current study. However, the possible 

impact on future soil productivity of removing these crop residues must also be addressed. 

1.5.2 - Crop residue removal and impact on soil productivity 

The use of crop residues for fodder and fuel requires that the residues be removed from the 

field, which can have negative consequences on soil stability and its future productivity.  

Maintaining soil organic matter (SOM) is particularly important in dryland agro-

ecosystems, as a decrease in SOM due to removal of crop residues, combined with tillage 

operations, can accelerate decomposition of the organic matter present in the topsoil (Singh and 

Singh, 1993). This is in part because residues are able to improve soil structure by stabilizing soil 

aggregates and by providing a source of micronutrients in the soil (Nagothu, 2001).  

On a dryland farm in Varanasi, India, Singh and Singh (1993) assessed the impact of 

treatments of residue addition and removal with and without fertilizer on particular soil properties. 

They found that the addition of straw and fertilizer significantly increased the soil’s water retention 

capacity, as did the addition of straw without fertilizer application. Other studies also suggest that 

the increase in microbial biomass owing to residue (straw) and fertilizer application enhances 

nutrient availability (Kushwaha et al., 2001; Singh and Singh, 1993). Singh (1995) found that 

residue application resulted in a positive impact on biomass crop and grain yield in soils of the semi-

arid tropics.  

In several studies, it has been suggested that removal of 70 % of above-ground residues, 

leaving 30 % to be incorporated in the soil has been found to be adequate for soil carbon 
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regeneration (Kushwaha and Singh, 2005; USDA and USDE, 2005). Kushwaha and Singh (2005), 

who examined residue impact on soil fertility in a cereal-based tropical dryland ecosystem, suggest 

that a third of the above-ground biomass be left and incorporated into the soil with minimum tillage 

to enhance crop productivity and the grain yield of succeeding crops. For the purposes of this study, 

a 30% retention rate of residues is deemed appropriate.  

1.5.3  - Biomass-based energy and food production: Competition for land 

There is growing concern that diversion of agricultural land for biomass plantations or the 

direct conversion of food to fuel could lead to decreased availability of land for food production, 

particularly among low-income countries (Ignaciuk et al., 2006; Peters and Thielmann, 2008). In 

particular, the use of arable land for production of food crops as a feedstock for biofuels has 

received widespread international criticism. A UN spokesperson on the right of food, Jean Siegler, 

reported by the BBC, recently characterized the practice of using land to grow biofuel crops as a 

“crime against humanity” that would bring more hunger to the world (Ferrett, 2007). Such remarks 

are increasingly common as global food price rise, in part due to the use of arable land for biofuel 

crop production. 

 Nonhebel (2005) showed that in developing countries there is insufficient land to meet the 

needs for both food and energy when biomass plantations are substituted for arable land. He does, 

however, conclude that biomass energy will be the most likely renewable energy source in the near 

future; therefore, there is a need for research to find a way to resolve this tension. 

The current study does not consider the use of grain, such as maize, for bio-fuel or energy 

production. This study considers only the non-food portions of a plant, the residual biomass, and 

only that which is unsuitable as fodder or is produced in excess, for generation of energy within the 

household.  



  15 

1.6 – Optimization 

1.6.1  - Optimization modeling: An overview 

A study that seeks to analyze aspects of a complex agricultural system and its various 

components, including food, fodder and fuel production is well suited for modeling. Models can be 

regarded as simplifications of real systems, providing a convenient method by which highly 

complex systems can be analyzed (Hiremanth et al., 2007). Computer models offer the advantage of 

being explicit in nature, whereby assumptions are clear and are open to assessment. Models are also 

comprehensive, having the capability to integrate several characteristics simultaneously to derive an 

output that would otherwise be difficult to determine (Hiremanth et al., 2007).  

‘Optimization’ refers to the generation of the best result given certain constraints and 

circumstances as introduced by the programmer (de Juan et al., 1996; Kanniappan and 

Ramachandran, 1998). All optimization models have an objective function, a function one is trying 

to optimize (i.e. maximize profit), and constraint functions, those functions that place a limit on the 

objective function (i.e. land area). Optimization modeling therefore allows one to set certain 

constraints, and within those constraints determine an optimal function.  

There are numerous modeling approaches that can be used to determine an optimal solution; 

these approaches can be linear, non-linear, geometric or integer-based and the approach selected 

will depend on the nature of the problem and its associated constraints (Akella et al., 2007). For 

instance, non-linear models have been used in the past to determine the optimal allocation of 

resources, in particular the optimal seasonal allocation of water under an appropriate cropping 

pattern and under non-linear functions of evapo-transpiration (Paul et al., 2000) and root growth, 

soil heterogeneity and soil moisture dynamics (Reddy and Kumar, 2007).  
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In the current study, a modeling approach utilized is that of linear modeling. Linear 

modeling is utilized given that the constraints are linear5. Numerous studies have been done on 

linear modeling, with applications in water management strategies, planning in rural fuel-energy 

based systems, and integrated agricultural-based planning of food, fodder and fuel production. 

In the case of the first application, water management, linear modeling studies have looked 

at developing a water management strategy for planners by allocating land and water resources 

optimally within a given season, with the objective function to maximize annual revenue (de Juan et 

al., 1996; Haouari and Azaiez, 2001; Mainuddin et al., 1997; Sethi et al., 2006, 2002; Singh et al., 

2001; Tarjuelo et al., 1996). Specifically, Sethi et al. (2006, 2002) developed a linear programming 

model for a region in Eastern India to determine an optimal cropping pattern for the allocation of 

land and water that satisfies minimum food requirements of the region. They concluded that farmers 

should replace existing cropping patterns with the proposed cropping patterns in order to stabilize 

surface and ground water withdrawal. Haouari and Azaiez (2001) developed a linear model for 

determining an optimal cropping pattern under land and water allocation schemes in dry regions. 

The study was able to determine the appropriate land area and irrigation level allocated to a given 

crop that would influence operating policy within the region. Singh et al. (2001) and Tarjuelo et al. 

(1996) utilized linear programming for optimal cropping pattern determination under similar 

contexts as the aforementioned studies for regions of Uttar Pradesh, India and Albacete, Spain. 

Other linear programming models have been developed to assess rural fuel-energy systems 

(Akella, 2007; Joshi et al., 1992; Ramachandra, 2008; Singh et al., 1996; Suganthi and Williams, 

2000; Zhen, 1993). The aforementioned studies determine the optimal energy mix for rural 

                                                      
5 Linear can be defined as a relationship whereby the output varies in direct proportion to the input. For 
instance, doubling area under a given crop will double production (at fixed yield) (linear relationship), 
whereas doubling of fertilizer input may not double production (non-linear relationship).  
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households of India, from various conventional and non-conventional fuels6 with application to 

energy policy. 

Recently, Nedunchezhian and Thirunavukkarasu (2007) developed a linear programming 

model to arrive at optimal plans for different cropping-livestock systems for landless, marginal, 

small and large households for six villages of Orathanadu block, in Tamul Nadu. The objective of 

the study was to maximize total household annual net returns from cropping and livestock systems. 

Even though the study does not consider food, fodder or fuel production, and places no restrictions 

on capital or nutritional value of produce, comparisons are made to this study in the results and 

discussion section (Section 3.3.1).  

Important points are drawn from the aforementioned linear optimization studies with that of 

the current study, which seeks to determine an optimal cropping pattern in a mixed-cropping-

livestock system that integrates food, fodder and fuel production. Section 1.6.2 examines 

optimization modeling studies that integrate fuel, fodder and fertilizer characteristics of agricultural 

systems (Painuly et al., 1995; Parikh and Kromer, 1985; Parikh and Ramanathan, 1999; Parikh, 

1985). Section 1.6.3 analyzes models that in addition to fuel and fodder requirements also capture 

human food and nutrient requirements (Kanniappan and Ramachandran, 1998; Raja et al., 1997; 

Singh and Marsh, 1994). 

1.6.2  - Integrated fodder and fuel production models 

Parikh (1985) conducted one of the earlier studies that integrated the demand for various 

agricultural products and for fuel energy production in a linear programming model. He recognized 

that a need existed to integrate into agricultural system evaluations the rural energy systems that 

were increasingly being quantified at the time. In a two-paper series, Parikh (1985) first outlined the 

model and its applicability and then ran a simulation of the model using a case study in Bangladesh.   

                                                      
6 Conventional fuels include fuels derived from fossil fuel-based sources, and include electricity from coal, 
liquid petroleum gas and kerosene. Non-conventional fuels include biomass based fuelwood, crop residues 
and manure. 
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The linear model developed by Parikh (1985) was concerned with addressing questions 

such as what are the fodder-fuel-fertilizer interactions in rural areas of developing countries, what 

are the implications of reduced availability of biomass and the influence of changing cropping 

patterns, what are the implications of increased energy demands of households, and what are the 

effects of price changes in fuel, feed and fertilizer on the allocation of products for end uses (as cited 

in Painuly et al., 1995).  

In a subsequent paper, Parikh and Kromer (1985) utilized the model developed by Parikh 

(1985) and applied it to a rural agriculture scenario for Bangladesh to assess how best to allocate on-

farm resources in order to satisfy different demands. They found that biomass as a fuel accorded 

priority over feed (fodder) and fertilizer (manure), given the high fuel prices at the time. The study 

also suggested that farmers would be unable to meet increasing feed, fuel and fertilizer demands 

into the future due to the growing population and concurrent increase in demand. The study 

ultimately concludes that a greater utilization of commercial energy and increased inputs (fertilizers) 

in the production chain would be necessary.  

More recently, Painuly et al. (1995) expanded on the model developed by Parikh (1985). 

Similar to Parikh (1985), Painuly et al. (1995) considered fuel, fodder and fertilizer relationships to 

analyze a rural energy system through a linear programming, macro-level energy-agriculture 

interaction model. The model incorporated the linkages between rural systems of energy and 

agriculture, scaled to the state of Karnataka, India. Painuly et al. (1995) predicted that the use of 

manure for fuel would decrease as more manure was required to satisfy the demand for fertilizer. 

They conclude that, in order for gains for rural Karnataka to be maximized, there needs to be an 

increased efficiency of biomass fuel use, together with a greater quantity of feed production. The 

limitations of the macro level study are discussed, primarily the fact that it can conceal unique 

situations at the micro level.  

 In 1999, Parikh and Ramanathan developed further the linear programming model adopted 

by Parikh (1985) and Painuly et al. (1995). Similar to previous studies, Parikh and Ramanathan 
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(1999) looked at the relationship between energy, agriculture and the environment, specifically fuel-

fodder-fertilizer relationships, to determine how biomass can be allocated in an optimal manner. The 

objective function was to maximize revenue of the cropping-livestock system by pricing the crops 

and milk produced and deducting the cost of fodder, fuel and fertilizers. Parikh and Ramanathan 

(1999) concluded that there is a need for increased efficiency of cooking stoves, increased use of 

fertilizer, improvements in livestock feed and/or a decrease in population growth in order for 

revenue to be maximized within the analyzed mixed-cropping-livestock agricultural system.  
 

1.6.3  – Integrated food, fodder and fuel optimization models  

In addition to the above studies, others have gone further by adding the dimension of human 

demand for food. In line with the current study, several studies have modeled food, fodder and fuel 

production in an integrated way so as to provide an optimal solution that would satisfy various 

human nutrient and fuel demands, as well as livestock fodder and economic crop production 

demands. 

Singh and Marsh (1994) developed a linear model to determine the maximum biomass 

energy production potential (objective function) of a village in the Bhopal district of Central India 

by selecting an optimal cultivation area for various crops. The model assumed subsistence farming. 

Two types of linear constraints were used and optimized using Quantitative Systems for Business 

Plus software. The first constraint defined the limitations on available resources, which included 

land, irrigation, fertilizer, labour, animal power, electricity and diesel fuel requirements. The second 

set of constraints included constraints of minimum food and fodder requirements for humans and 

livestock of the village. The crop groups modeled included cereals, pulses, oilseeds, sugar and 

vegetables.  

The model was run under three scenarios of varying land area, including a base year land 

area followed by increased kharif and increased rabi areas. The study concluded that there is 

significant potential for an increase in biomass energy production, particularly if the under-utilized 
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human and animal labour of the village is employed. There was also a predicted positive effect on 

village-wide revenue from the optimal cropping cycle presented.  

More recent optimization studies have been able to expand on the modeling of earlier 

studies, adding extensive detail with updated optimization software that is able to handle additional 

functions. The newer optimization software applied in the subsequent studies, LINDO, is used in the 

modeling applied in the current thesis.  

One of the first studies to use LINDO software was developed by Raja et al. (1997). This 

model captured the energy flow between various components of agriculture, livestock and human 

systems. The objective functions of their model were to maximize the revenue from crops through 

the optimal allocation of crops under given land areas, and to minimize the cost of commercial and 

purchased energy in terms of fuel, fodder and food. Therefore, unlike Singh and Marsh (1994), the 

sale and purchase of produce between the villages in Raja et al.’s study is taken into consideration. 

The region selected by Raja et al. (1997) included a block (collection of villages) in the state of 

Kerala. The block consisted of 73 villages, a population of roughly 83,000 people, with average 

rainfall of 923 mm/yr and a land area of 21,007 ha, of which 75% is agricultural. The main crops 

included paddy, sugarcane, cotton, groundnut, jowar, bajra and other millets, gingely and bananas.  

The model was set up so as to satisfy certain constraints including the demand for food, 

particularly cereals, pulses, oil seeds, sugar, vegetables, demand for fuel and demand for fodder 

across varying landholdings (marginal, small, medium and large). By modeling for the self-

sufficiency of the block, reliance on food purchase outside the block is excluded. Finally, a 

constraint of the model was that the end use demand for food, fodder and fuel must be met, and 

should not be exceeded, within a 12-month period.  

The simulation indicated that the revenue of a block can be increased without reliance on 

imported foodstuffs. If farmers allocated land toward cultivation of crops as indicated by the model, 

fuel requirements and to some extent fodder requirements would also be satisfied. However, Raja et 

al. (1997) adopted only irrigated farming in their model formulation, which is in contrast to the 



  21 

dryland agricultural system modeled in the current study. In addition, the current study does not 

aggregate village-wide data, and therefore deals with a smaller unit from which variation in 

production potential can be analyzed.  

Following the work and methodology employed primarily by Singh and Marsh (1994) and 

Raja et al. (1997), Kanniappan and Ramachandra (1998) present an updated optimization model 

also using LINDO linear programming software. Kanniappan and Ramachandra (1998) were 

interested in determining the extent to which surplus production of agricultural residues could be 

used for decentralized power generation while satisfying the food, fodder and fuel requirements for 

a block. The sampled block with rainfall averaging 1428 mm/yr consisted of 28 villages and 

numerous hamlets for a population of 28,005 in the Nilakkottai block of Tamul Nadu, India. In 

addition to the high rainfall, 60% of the cultivated land area analyzed was irrigated. Therefore, like 

Raja et al.’s (1997) study, the area under examination is well supplied with water, unlike the current 

study within the dryland, semi-arid region of India, where precipitation averages a mere 500-700 

mm/yr, and where irrigation is minimal. The primary crops of the Nilakkottai block included rice, 

jowar, sugarcane, pulses, groundnut, cotton and flowers.   

Kanniappan and Ramachandra (1998) concluded that optimization of a cropping pattern to 

reflect the demands of the village could produce 30% more agricultural waste than the current 

cropping pattern within the block, and that surplus biomass could be used to generate electricity for 

the block. These findings are discussed further in Section 3.3.2. 

The current study builds on the modeling framework of the previous studies discussed in 

order to provide insight into the potential for food, fodder and fuel generation within the dryland 

regions of southern India, where to my knowledge no optimization study has been conducted. 

Additionally, this study provides a comprehensive assortment of optimization strategies, including 

maximization of net production value, maximization of fuel production, and minimization of land 

area used at both household and village levels. This latter point in particular has not been modeled 

by previous optimization studies. While previous studies also optimize for maximum value and fuel 
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generation separately, they are unable to make important comparisons between variations in output 

under different optimization schemes as is done here. Additionally, the current study relies on 

detailed primary data at the village level in comparison to previous studies which tend to use 

secondary district or block scale data. 

The outputs obtained in this study will be compared to the previous studies outlined. The 

low level of rainfall and irrigation, and therefore different crop varieties cultivated in Northern 

Karnataka will be modeled by restricting the cropping cycle, and modeling reduced yields, therefore 

influencing outputs as compared to previous studies. The present model is also built on a 

requirement that the villages be self-sufficient in terms of production of necessary food and fodder.  
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Chapter 2 
Methodology 

 

The methodology for this study is divided into two sections; first, a discussion of the study 

site and the collection of primary and secondary data (Section 2.1), followed by the incorporation of 

collected data into an optimization model (Section 2.2). 

 

2.1 – Study sites and collection of data 

2.1.1 - Study regions and sampling design 

A micro-level household survey (see Appendix G) of mixed cropping-livestock systems and 

associated land use was conducted to quantify the current supply and demand of food, fodder and 

fuel for direct energy7 use, in three villages: Inamhongal (N 15o37.623', E 75o04.551',Zone III), 

Madapur (N 15o03.250', E 75o18.095', Zone VIII) and Shivalli (N15o28.135', E 075o08.435', Zone 

VIII), all located in the semi-arid northern part of Karnataka State, India (Figure 2). The survey was 

administered in the fall of 2007, for the base year8 July 2006-June 2007. Households were stratified 

according to India’s five landholding categorization system: landless, marginal (0-1 hectares), small 

(1.01-2 ha), medium (2.01-4 ha) and large (>4.01 ha). Within each category 15-20 households were 

randomly surveyed (Table 2). A further criterion was that farmers must own or lease land within the 

village, and only those farmers who were directly involved with the farming practices were 

interviewed; this was usually the adult male of the household.  

The survey was constructed based on input from local university experts (professors) who 

have extensive experience in carrying out quantitative surveys in surrounding villages close to the 

study areas. District and taluk agriculture assistants and village revenue officers were also consulted 

                                                      
7 In this study, direct energy use is defined as energy obtained from combustion of biomass for cooking and 
water heating. 
8 From this point onward, the phrase ‘base year’ is used throughout the thesis to refer to the study period from 
July 2006 to June 2007. 
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in the formulation of the survey, such that knowledge of the local people and local conditions were 

considered in determining the subjects to be addressed and the appropriate language for questions.  

Ten local graduate research assistants, all of whom were well trained in the data collection 

process and the reporting procedure, carried out the collection of data. I and other supervising 

personnel verified each survey, and any additional data were obtained on subsequent visits to the 

respective villages.   

 Of 266 surveys taken, a total of 14 were discarded (see Appendix B, Section B.1). The 

discard rate was therefore just below 6% of total sampled households. 

 

Figure 2. Map showing the location of the sampled villages in the state of Karnataka (enlarged to 
the left) within the respective districts (GOK, 2005). 
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Table 2: Summary of study sites and sampling design. 

Village 
(district) 

 

Coordinates 
 

Agro-climatic Zone9 Landholding categories and  
sample size (# of households x3) 

Shivalli 
(Dharwad) 

N15o28.135', 
E 075o08.435' 

Northern Transition 
Zone (VIII) 

 

Landless (0 ha); 15-20 households 
Marginal (0.01-1.0 ha); 15-20 hh 
Small (1.01-2.0 ha); 15-20 hh 
Medium (2.01-4.0 ha); 15-20 hh 
Large (4.01> ha); 15-20 hh 

Inamhongal 
(Belgaum) 

N 15o37.623', 
E 075o04.551' 

Northern Dry  
Zone (III) 

Madapur  
(Haveri) 

N 15o03.250', 
E 075o18.095' 

Northern Transition 
Zone (VIII) 

 

2.1.2  Soil types, principal crops and precipitation patterns of the study sites 
 

The principal crops of the study sites included jowar, wheat, maize, bengalgram, greengram, 

onion, groundnut, sunflower, chilli and cotton (Table 3). Soil types ranged from black Vertisols 

(Inamhongal), to medium-deep Alfisols (Madapur), and shallow red Alfisols (Shivalli). 
 

Table 3. Soil types and principal crops of the sampled villages.  

Village District1 Taluk1 Soil type2 Principal crops3 
Inamhongal Belgaum Saudatti Black (Vertisols) Jowar, wheat, bengalgram, greengram, 

onion, cotton 

Madapur Haveri  Savanur Red (Alfisols)- 
medium-deep 

Jowar, maize, groundnut, chilli, cotton 

Shivalli Dharwad Dharwad Red (Alfisols)- 
shallow 

Jowar, wheat, bengalgram, greengram, 
onion, groundnut, sunflower 

1 Taluk is a subdivision of a district, and a taluk is made up of a group of villages. Several taluks make up a 
district, and several districts make up a state. Belgaum, Haveri and Dharwad are three districts of 
Karnataka state. 
2 Ramachandra et al., 2004. 
3 Revenue Department- Tahasildar office, Karnataka, India. Government of India, public sector. 
Obtained November 2007.   

 

A similar level of precipitation was surveyed across the sampled villages, with average 

rainfall of 527 mm, 556 mm and 663 mm measured for Inamhongal, Shivalli and Madapur 

respectively for the base year (Table 4). The seasonal rainfall pattern was also similar across all 

villages, whereby no rain was measured from December to April. Historic rainfall data indicates that 

                                                      
9 The state of Karnataka is divided up into ten agro-climatic zones, which are determined by rainfall pattern, 
quantity, and distribution, by soil types, their texture, depth and physio-chemical properties, and by elevation, 
topography, major crops and types of vegetation (see Ramachandra et al., 2004 for further description of 
zones).  
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our sample period is representative of previous years, with annual rainfall averaging 557 mm/yr 

between 2000-2007.  

Table 4. Base year precipitation pattern of the sampled villages. 

  Precipitation (mm) 
Study period1 Inamhongal2 Madapur3 Shivalli4 Average (mm) 
Jan. (2007) 0 0 0 0 
February 0 0 0 0 
March 0 0 0 0 
April 77 0 51 39 
May 18 148 66 83 
June (2007) 130 139 127 134 
July (2006) 62 100 88 81 
August  48 94 63 71 
September 133 82 69 107 
October 60 15 69 37 
November 0 86 25 43 
Dec.(2006) 0 0 0 0 
Total ppt. (mm) 527 663 556 595 
1 Study period from July 2006 to June 2007. 
2 Agricultural Assistant for Saudatti taluk. Department of Agriculture. 
Obtained October 2007. 
3 Office of the assistant Director of Agriculture. Savanur Taluk, Karnataka, 
India. Obtained November 2007.  
4 Karnataka Government Bureau of Economics and Statistics. Rainfall Record. 
Obtained from the Department of Statistics, November 2007. 

2.1.3 - Primary data collection protocol 

Demographic indicators were gathered in order to determine village-wide nutritional 

requirements for food energy and protein. The respondents were asked to identify all members 

within the household with whom the land area was shared, along with their age, gender, education 

level and working status. In a number of instances, particularly in the larger landholding categories, 

joint families were reported.  

Each household was also asked to identify the cropping pattern during the kharif, rabi and 

zaid seasons. The cropping pattern was reported as either mono-cropping, inter-cropping or mixed- 
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cropping10. Longer-duration crops like cotton were grown during the combined kharif-rabi seasons. 

For each crop reported, farmers were asked to identify the area sown, quantity produced, and the 

value at which primary products11 were sold. Based on data obtained in the field, standard row 

proportions (see Appendix B, Section B.2) of crops were used to determine inter-cropping and 

mixed-cropping areas. Farmers reported production of grain and other commercial products in terms 

of quintals (100 kg) and bags, which were converted to tonnes using standard conversion factors 

(see Appendix B, Section B.3). Based on the reported area of crops sown and tonnes produced, 

yields were calculated. To reduce error in reporting, the total landholding area reported by farmers 

was validated using data from the village accountants’ offices within the respective villages. 

All crops were separated into four categories: cereals (jowar, maize, wheat, bajra, ragi), 

pulses and legumes (bengalgram, greengram, blackgram, redgram), nuts and oilseeds (groundnut, 

safflower, sunflower), and commercial crops12 (onion, chilli (green), cotton).  

 Households were also asked to identify all owned livestock including buffalos, cattle, goats 

and chickens. The inventory of village-wide livestock was used in the optimization modeling for 

determining milk production as part of the household nutrient intake. In addition, the economic 

value of milk and manure were determined based on standard production values (see Section 2.2.4).  

Secondary data were obtained from village, district and state government offices, which 

included village-wide information such as total cultivated land area and total population (see 

Appendix B, Section B.4).  

 

 

 

                                                      
10 Mono-cropping is the cultivation of a single crop on a plot of land, whereas inter-cropping is characterized 
by the cultivation of two or more crops in alternating rows on the same plot of land. Mixed-cropping is similar 
to inter-cropping in that two or more crops are grown on the same plot of land, however the crops are 
dispersed and there is no definite pattern. 
11 Primary products refers to grain, pulses, oilseeds and commercial crop produce (ie. cotton). 
12 In addition to footnote 3, commercial crops are defined as those crops grown predominantly for the purpose 
of sale to the market, with little nutritive value per edible portion of food product. 
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2.2 - Model formulation and model parameters 

2.2.1 - Optimization model basics  

A linear programming model was developed using the primary and secondary data in order 

to determine the optimal allocation of land for various crops in the agricultural sector. The details of 

the model and the LINDO software that is used to generate the model are presented in Appendix D 

(LINDO, 2007). The model consists of four components: constraints, adjustables, fixed values and 

the objective function. 

2.2.2 - Constraints 

Constraint cells are those cells in the LINDO software that place a limitation of some sort 

on the model that is being constructed, enforcing the restrictions imposed by the modeler. In order 

to determine the choice of crops that should be cultivated, several constraints were placed in the 

model: cultivable land area, human and livestock nutrient demands and fuel energy demand.  

 

Cultivated land area 

 Cultivated land area is one of the most important constraints and resource limitations placed 

on the village with respect to production potential. The cultivated land area for each village was 

determined beginning with information about cultivable land obtained using secondary data reported 

by the government and from the survey, and subtracting the land area that was left fallow during the 

kharif and / or rabi seasons. The sum of areas cultivated in the kharif and rabi seasons divided by 

the cultivable land gives the cropping intensity13 of villages for the base year, which was then 

applied to the optimization scenarios.  

 

 

 

                                                      
13 Cropping intensity refers to the number of seasons within a year under which the same plot of land has been 
cultivated, with each season representing 100%. For instance, if out of the three seasons (kharif, rabi and zaid) 
a farmer decides to cultivate the same plot of land with two different crops, one over the kharif, and another 
over the rabi season, then the intensity of cropping would be 200%. 
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Human nutrient demand 

Another constraint was set in the present model to stipulate that adequate food must be 

produced to satisfy the basic human dietary requirements14 in terms of food energy and protein. In 

addition, a constraint was placed requiring that a minimum amount of cereals and pulses be 

consumed, and therefore grown, reflecting the traditional and cultural consumption pattern of the 

region. By taking into account the cultivation of various food crops in a typical diet, the idea of 

agrobiodiversity is also supported. 

The food energy and protein requirements for a household were calculated based on the 

recommended protein and food energy intake according to the Indian National Nutrition Monitoring 

Bureau (NNMB) consumptive unit15 (cu) categorization system (see Appendix B, Section B.5). The 

total required consumptive units for the households and villages were determined from the 

demographic data based on the household demography. The population of the sample was 

subdivided into different age groups, from which the number of consumptive units were determined 

and then multiplied by the recommended daily intake of protein (60 g/cu/day) and energy (2425 

kcal/cu/day) to calculate the total recommended nutrient intake (Ravindranath et al., 2005a). A 

moderate level of work was assumed when calculating adult consumptive units. Daily intake of 

certain foodstuffs was also modeled, such that minimum intake of cereals was 460 g/cu/day, pulses 

40 g/cu/day, nuts and oilseeds 20 g/cu/day and milk 150 g/cu/day (Ravindranath et al., 2005a). 

Nutrient requirements for the entire village were determined in the same way as for household 

requirements.  

                                                      
14 Basic diet in the thesis is defined as one that satisfies the minimum recommended requirement of cereals, 
pulses and legumes, as well as milk, based on the recommended consumption of these foodstuffs by NNMB 
and as calculated for the respective households. It is recognized that a balanced diet would also require fruits 
and vegetables, such as tomatoes, carrots etc., to satisfy other micro nutrient requirements, such as vitamin A, 
iron etc. While fruits and vegetables are typically grown as part of small household gardens, these were not 
accounted for in the study for simplicity.  
15 A consumptive unit (cu) is a coefficient used in computing calorie and protein requirements for different 
age groups of a population. The nutritional requirements of one cu are approximately equivalent to those of an 
adult male who is involved with moderately heavy labour. 
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The energy and protein composition of foods is used to determine nutrient availability from 

production of various food crops under the four crop classifications: cereals, pulses, oilseeds and 

commercial crops (see Appendix B, Section B.6 and Table 5). 

 

Livestock nutrient demand and fodder residue production 

 In addition to food production, demand for different end uses for crop residues was 

considered, primarily the use of residues as fodder. For fodder, both quantity and quality of the 

residue were considered. For each of the fodder crops, nutrient composition values for DCP and 

TDN (see Table 5) as well as the standard grain to fodder composition ratios (Table 5, also see 

Appendix B, Section B.8), were used to determine the quantity of livestock nutrient and dry fodder 

consumed. In the case of DCP and TDN livestock requirements, standard consumption demand 

factors were used equaling 0.091, 0.056 and 0.038 t/yr of DCP, and 0.895, 0.756 and 0.593 t/yr of 

TDN for buffalo, cows and bullocks respectively (Raja et al., 1997). In the case of dry mass of 

fodder required, standard consumption demand factors were used equaling 2.41, 2.17 and 3.37 t/yr 

for bullocks, cows and buffalo respectively (Raja et al., 1997) (see Appendix B, Section B.7). The 

number of reported livestock within sampled households was extrapolated to include all households 

within the landholdings in order to calculate the fodder demand within the entire village. The model 

was formulated such that minimum fodder demands must be satisfied through fodder production 

within the village. Any surplus fodder residues were considered for use as fuel. 

In line with the discussion presented in Section 1.5.2, a 70% removal rate of above-ground 

fodder residue is considered acceptable, leaving 30 % remaining in the fields for soil regeneration. 

In addition, the model stipulates that 70 % of fodder demand be satisfied through crop residue 

consumption, while the additional 30 % is obtained through grazing and feed supplements (Raja et 

al., 1997; Paul et al., 2003b). The most commonly reported feed supplement in the study was 

groundnut cake, although it is purchased only in small amounts (10 % of total consumption). The 

average reported value of fodder, Rs 2,500 per tonne, was used to determine the value of fodder 

produced. 



 

Table 5. Parameters used in the optimization model with co-efficients and fixed values for various crop components modeled.   

Crop 
category Crop variety1 

Food energy 
content 

(Mcal/t)2 

Food protein 
content 
(kg/t)2 

Product sale 
value (Rs/t)3 

Input cost                  
(% of sale 

value)4 

Fodder:grain 
ratio5 

Fuel:grain 
ratio5 

DCP                
(kg/t 

fodder)6 

TDN            
(kg/t 

fodder)6 
    Kharif 

Cereals Bajra 3,610  116  7,667  48  1.25    4 534 
Ragi 3,280  73  13,000  87  2.15    4 534 

Pulses & 
legumes 

Greengram 3,480  245  23,577  52  1.25    24 370 
Redgram 3,350  223  22,000  44    1.25  24 370 
Horsegram 3,210  220  22,005  50  1.25    24 370 

Nuts & 
oilseeds 

Groundnut 5,670  253  15,966  62  0.6        
Sunflower 1,550  198  17,714  54  - -     

Commercial 
crops 

Chilli  290  29  41,636  44    1.3      
Onion 590  18  4,904  30  - -     

    Rabi 

Cereals 
Jowar 3,490  104  10,742  47  2.0    6 430 
Wheat 3,460  118  11,459  51  1.3    4 430 
Maize 3,420  111  11,417  34  1.5    6 430 

Pulses & 
legumes Bengalgram 3,720 208 26,516 50 1.0  24 370 

Nuts & 
oilseeds 

Sunflower 1,550  198  17,714  54  - -     
Safflower 3,560  135  18,692  43    0.5      

    Kharif and Rabi 
Commercial 

crop Cotton 0 0 17,650 52  3.0   
1 Seasonal cropping pattern obtained from the sample and cross-checked with the University of Agricultural Sciences handbook  (UAS, 1985).  
2 Nutritive value of foods obtained from the National Institute of Nutrition, Gopalan et al. (1996). 
3 Weighted average among all households of the field survey. 
4 Obtained from thesis dissertations and their cross references from the University of Agricultural Sciences, Dharwad, India (Balappa, 2000; Bogale, 2002; 
Hiremanth, 1994; Kollar, 2002; Mahantesh, 2002; Naik, 2003; Rajur, 1999). 
5  Obtained from records of UAS, and verified against Coates, 2000; Kadian and Kaushik, 2003; Kanniappan and Ramachandra, 1998; Ramachandra et al., 2004. 
6 DCP (Digestible Crude Protein) and TDN (Total Digestible Nutrients) of fodder. Obtained from Parikh and Ramanathan, 1999. 
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Fuel energy demand and fuel residue production 

 As previously mentioned, crop residues (biomass) can also be used as a fuel within the 

household for cooking and heating water. To determine village-wide demand for biomass, each 

farmer was asked to identify the fuel used for cooking and the quantity used. The consumption of 

biomass fuel types (firewood, crop residues, manure) was reported as kilograms, tonnes, dung 

pellets, baskets, bundles, tractor-loads and cartloads, on a daily, monthly and yearly basis. These 

measures were then standardized to tonnes/yr by using standard conversion factors from the field 

(see Appendix B, Section B.9), and were finally converted to Gigajoules (GJ) using standard 

heating values (see below). The computed biomass use was cross-referenced with other studies to 

ensure reasonableness and accuracy, and any necessary adjustments to reported fuel values were 

made (see Appendix B, Section B.10). While constraints were placed on the food and fodder 

production, requiring that the demand be satisfied, no constraint was made regarding satisfying 

demand for fuel (except in Section 3.2.4 for scenario S4). A constraint on fuel production was not 

made due to the consideration that other fuel options are also available, and that farmers do not 

cultivate crops for fuel but rather for food and fodder, using the byproduct as fuel. Fuel was 

priced according to reported purchase price of fuel-wood at Rs 2.5 per kilogram, equivalent to Rs 

282 per Gigajoule of embodied energy. 

 The fuel residue generation potential was determined by using standard fuel residue-grain 

ratios (Table 5). Again, fodder that was produced in excess was also considered as a fuel source. 

Due to the generally poor quality of sunflower stalk as a fuel, and also due to the pervasive 

rotting of stalks reported by farmers, sunflower stalks were not used in the calculation of residue 

potential for either fuel or fodder use. It was also included in the model that farmers leave the 

recommended 30% of above-ground residues for soil regeneration as was done with fodder. The 

standard energy conversion factors used were as follows: wood at 19.5 GJ/t dry (Kataki and 
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Konwer, 2002), cotton (and chilli) sticks at 17.6 GJ/t dry (Coates, 2000; Wayne, 2000), other 

crop residues at 16 GJ/t dry and manure at 15 GJ/t dry (Kadian and Kaushik, 2003).  

 

Sample calculation of food, fodder and fuel production  

 As an example, consider the products resulting from a household cultivating jowar on 1 

hectare of land. The products would be grain for household consumption or sale, and stover, 

which can be used as fodder and or as a fuel.  

Grain production = cultivated area (ha) x yield (t/ha) 

                 = 1 ha x 0.80 t/ha 

      = 0.80 t of grain produced 

 

Fodder production = grain yield (t) x fodder:grain ratio16 

         = 0.80 t x 2 

         = 1.60 t of fodder produced 

   or 

          = 1.60 t x 16 GJ/t 

          = 25.6 GJ of embodied energy generated 

 

By knowing the amount of grain and fodder produced, monetary values can then be 

assigned, and by knowing the cost of cultivation, the net value of the products can be determined. 

Each crop has different properties (Table 5) and some secondary products of crops can be used as 

either a fodder or fuel while others are only suitable as fuel (i.e. cotton and chilli sticks). Finally, 

some crops produce residues that cannot be used either as fodder or fuel, but can serve as a soil 

amendment (i.e. onion and sunflower residue). In addition to the variations in production 

potentials, each crop is also valued at different price (see Table 5 and Appendix B, Section B.11), 

                                                      
16 Located in Table 5 under ‘fodder:grain ratios’. 
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and hence variation in cropping patterns will be observed when different constraints and demands 

are being optimized.  

2.2.3 - Adjustables 

Adjustable cells are those cells in a worksheet that the LINDO program can adjust in 

seeking an optimal solution. The adjustables modeled in this study include cropping pattern, 

cropping area, and cultivable land area.  
 

Cropping pattern and cropping area 

 In the model, the variety of crop sown, as well as the area in which the crop is sown are 

set as adjustables. Thus, depending on the optimization and conditions, the crops grown and the 

cultivated area can be adjusted.  

 

Cultivable land area 

 For all village-wide optimizations, total land area available for cultivation is a fixed 

value. Land area of individual farmers is designated as an adjustable, however, in the case of 

optimization scenarios involving the determination of minimum land area (Section 3.2.1, also see 

Appendix D).  

2.2.4 - Fixed values 

 The fixed values used in the optimization are presented in Table 5, and they include food 

energy and protein content of grain, DCP and TDN content of fodder, sale price of primary 

products, yield, cost of cultivation, fodder-grain and fuel-grain ratios and inventory of livestock.  

Output provided by the model is sensitive to the fixed values, particularly yield, and 

changes in any of the fixed values will have an impact on the optimization. Different yields are 

used for the three villages, and a discussion regarding the yields used is presented in the results 

section (Section 3.1.5, Table 10).  
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The cost of cultivation for each crop was obtained from numerous thesis dissertations 

from the University of Agricultural Sciences (Table 5), and an average cost was determined after 

standardization for each of the sampled crops. The input costs for each crop include the cost of 

seeds, farmyard manure valued at market price, fertilizers, plant protection chemicals, hired 

human and bullock labour, hired machinery, the cost of repairs and maintenance of equipment, 

interest on working capital, land revenue and other taxes, depreciation of implements, machinery, 

farm buildings, the value of owned bullock labour, and the value of owned machinery labour. The 

reported sale price of primary products was also kept constant, and the prices used for the villages 

are presented in Appendix B (Section B.11). The value of primary products shown in Table 5 is 

an average of the value of primary products amongst the three villages. 

 

Livestock inventory and livestock products 

 Inventory of livestock within the villages obtained for the base year was also kept 

constant (fixed) in the village-wide optimizations, as was the production of milk and manure. 

 Milk production was determined using an average reported daily milk production of 3 L 

and 2 L/day for buffalo and cattle respectively. The average lactating periods as reported by 

farmers were 8 months for buffalo and 6 months for cattle, during which the yearly production of 

milk was obtained. Immature cows and buffalo were excluded from scenarios for milk 

production, but were included in fodder demand and manure production. The value of milk was 

priced at Rs 10.5 per liter, as was widely reported within the study area. Livestock that were 

sampled within each landholding were extrapolated to the entire village for village-wide 

production.  

In addition to milk, manure production was also kept fixed. Literature values for standard 

livestock manure production and collection potential were used. For buffalos, bullocks and cows, 

daily manure production values of 10.2, 10.2 and 4.5 kg/day respectively were used 
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(Ravindranath et al., 2005b), assuming an 80% recovery rate. The reported proportion of manure 

used for cooking was insignificant, with almost all manure being applied as fertilizer. An average 

price for manure as a fertilizer of Rs 222 per t (Rs 500/tractorload) was used in determining the 

value of manure. 

2.2.5 - Objective functions 

 Using the constraints, adjustables and fixed values discussed above, several models were 

constructed. Three scenarios were simulated in which the objective functions were: (1) to 

determine the minimum land area required to satisfy basic life demands, (2) to determine the 

maximum village-wide value of all products17, and (3) to determine the maximum potential for 

fuel residue generation under the specified constraints and fixed values. A summary of the 

objective functions and adjustables, along with the fixed values are presented in Table 6. 

Table 6. Summary of adjustables, constraints and objective functions modeled. 

Objective 
functions Adjustables Constraints Fixed values 

 

1. Minimize land 
area 
 
2. Maximize net 
value of products  
 
3. Maximize fuel 
residue generation 
 
 
 

 

- Cropping pattern and 
cropping areas 
 
- Cultivable land area 
(objective function 1) 

 

- Cultivated land area 
in the kharif and rabi 
seasons (objective 
functions 2 and 3) 
 
- Human protein and 
energy nutrient 
requirements 
 
- Livestock nutrient 
and fodder 
requirements 

 

- Nutrient content of 
grains and fodder 
 

- Energy content of 
crop residue fuels 
 

- Crop yields and 
standard fodder and 
fuel ratio coefficients 
 

- Farm-gate crop sale 
prices 
 

- Cost of cultivation 
 

-Livestock inventory 
 

-Crop yields 
                                                      
17 Value of products is defined as the monetary value of primary and secondary products produced from 
both agriculture and livestock that would otherwise have to be purchased or obtained through other 
payments or services. The monetary value of grain (primary products) and of milk, manure (fertilizer), 
fodder and fuel residues (secondary products) were included under value of products.   
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(1) Minimizing required land area – In order to determine the minimum land area 

required for the production of food capable of satisfying nutritional requirements of a household 

and a village, the land area variable was minimized. The fodder and fuel requirements of a 

household and village were then added to determine how the minimum land area required would 

change as a result of adding these considerations. For the household land requirements, 

comparisons were made to the average household land area in selected landholdings.  

(2) Maximizing net value of products - The net value18 of products was maximized by 

varying the cropping pattern (adjustable) within the constraints of land area while satisfying food 

and fodder demand as indicated.  

(3) Maximizing fuel residue production – In order to determine the potential for fuel 

residue generation for energy use in the household, a third objective function involved 

maximizing the secondary materials (fuel residues) produced through the agricultural system of 

the village. In order to do this, the cropping pattern was adjusted so as to generate the largest 

amount of residue, while continuing to meet human and livestock nutritional requirements and 

incorporating the current constraints of land area and productivity.  

2.2.6 - Other model parameters 

In line with other optimization studies (Kannappian and Ramachandra, 1998; Raja et al., 

1997; Singh and Marsh, 1994) the villages were modeled as ‘self-sufficient’ systems in which the 

required food, fodder and to some extent fuel residue was produced within the available 

cultivable land area of the village. Therefore, purchase of food that may have occurred outside the 

village was not considered (except in Section 3.2.5., Scenario S4). 

 All households were aggregated within the village to form the village-wide analysis. In  

                                                      
18 Net value is the value of all products (primary and secondary) minus the cost of cultivation. 
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Northern Karnataka, the villages behave in many ways as integrated systems, whereby large 

farms often provide fodder and fuel in the form of crop residues to farmers with small 

landholdings, and whereby exchange or purchase of food occurs among households. Such 

characteristics suggest that it is reasonable to consider the village as a self-sufficient system.  

The model is developed based on a one year cropping cycle, in which the kharif and rabi 

seasons are modeled. Given the lack of both irrigation and rainfall during the dry months of the 

zaid season, only the kharif and rabi seasons were modeled. The seasonal cropping variations 

observed in the villages are modeled by limiting particular crops to the seasons in which they are 

normally grown (see Table 1), thereby reflecting the real and current agricultural practices of the 

sampled villages. The areas of land reported to be left fallow by farmers during the kharif and 

rabi seasons were included when allocating available land area for cultivation. 

Parameters not included in the current study include cropping patterns that are cultivated 

over a period of longer then one year and the possibility of inter-cropping and mixed-cropping. In 

line with work by Raja et al. (1997), shifts in sowing and harvesting times or failure of crops, as 

may occur due to changes in the precipitation cycle, droughts, and pests (Pemsl et al., 2004), are 

also not considered. Finally, the availability of labour for the agricultural process is not included 

in this study, given the difficulty in determining in what situations and to what extent human, 

machine and livestock labour were used.  
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Chapter 3 
Results and Discussion 

 

In the following chapter, the results and discussion are addressed concurrently in order to 

capture more clearly relationships that are being modeled. The first section, Section 3.1, presents 

an overall description of the sample, including demographic characteristics, along with an 

analysis of base year data on cropping pattern and associated production parameters. The 

discussion surrounding practices employed by farmers and villages will be used to establish 

variables and conditions for use in the optimization scenarios. The results and discussion from the 

optimization scenarios are presented in Section 3.2.  

3.1 – Sample description and base year food, fodder and fuel production 
parameters 

3.1.1 – Demographic and socio-economic characteristics of the sample 

The demographic characteristics of the sample are typical of villages in rural India, more 

particularly the rural areas of Northern Karnataka (Patil, 2008). A total of 242 households (15 % 

of total households), representing 1420 individuals (16 % of total population), were sampled 

within the three villages (Table 7). A demographic analysis indicates that average household size 

increasesd from landless households, with 5 persons per household, to large landholding 

households, with 6.5 persons per household, largely due to a larger number of joint family 

structures observed among large landholdings. A breakdown of landholdings among all villages 

reveals that there are more households under all other categories in comparison to large 

landholdings (also see Appendix C, Table C.1).  
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Table 7: Demographic and literacy indicators of the study sites. 
 

Particulars Landholding categories   

  Landless 
(0 ha) 

Marginal        
(0.01-1 ha) 

Small                
(1.01-2 ha) 

Medium           
(2.01-4 ha) 

Large     
(4.01> ha) Total 

Sampled data 
Population (m) 117 142 158 170 200 787 
Population (f) 112 118 127 143 136 636 
Total population 229 260 285 313 336 1,423  
% literacy (m)1 55.6 52.8 62.0 73.5 85.0 67.7 
% literacy (f)1 34.8 41.5 44.9 52.4 69.9 49.5 
No. of hh 45 49 50 48 50 242 
Avg. persons/hh 5.0 5.3 5.7 6.5 6.5 5.8 

Village wide data2 
Total no. of hh2 282 347 410 328 254 1621 
  Male Female Total       
Total population3 4,377  4,305  8,682        
% literacy3 74.0 48.9 61.7       
1 Includes currently schooling individuals (who are above 7 years of age). Total is calculated as 
weighted average.  
2 Village Panchet office - Revenue and Agriculture Department. 
3 Census of 2001. Includes literates above age of 7. Directorate of Census Operations, India. 

 

With regard to literacy, the observed gap between male and female literacy, 68% and 

50% respectively (Table 7), highlights both the generally low level of literacy and the existing 

gender gap. The observed gender gap is reflected in intra-household inequalities, unequal access 

to decision-making power, and a gender bias favouring the allocation of resources, including 

food, towards males, which in lower income households can be very limiting (Babu et al., 1993; 

Patkar, 1995). Additionally, while in the sampled villages women participated in the labour force, 

particularly as farm labourers, such participation is one factor that limits access to education for 

younger girls. This is especially true for households of smaller landholdings, as girls (and often, 

but less commonly, boys) may be withdrawn from school for work (Sundaram and Vanneman, 

2008). Figure 3 presents the level of education obtained by both genders across different 

landholding categories. Two important trends emerge from the figure: the number of individuals 
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with no education decreases from marginal to large landholdings, and the number of people with 

higher education credentials increases among large landholdings. 
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Figure 3. Level of education by gender across all landholding categories presented as a 
percentage of the population within each landholding. (PUC represents Pre University Course and 
Other* represents currently schooling and nursing individuals) 

 

3.1.2 - Cultivable land area among sampled villages  

Cultivable land area represented 93 % of total land area of all three villages (cultivable 

area of 3625 ha). According to the village accountants’ offices there is no government-owned 

forested land in the villages, and permanent fallow land made up less than one percent of the total 

geographical area of all three villages (total geographical area of 3906 hectares) (see Appendix C, 

Table C.2). Uncultivated land area then represented approximately 7 % of the total geographical 

area of all three villages; this figure includes residential and uncultivable land, most of which is 

unsuitable for biomass crop plantations. 

The sampled cultivable land area in this study covers 708 ha (Table 8), representing 

nearly 20% of the total cultivable area of the villages. Average household land area varied from 

0.63 ha for marginal landholdings to 8.16 ha for large landholdings, with little variation between 
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villages (see Appendix C, Table C.3). The average per capita land area for large landholdings at 

1.41 ha is nearly 12 times larger then the 0.12 ha available to marginal household occupants. The 

large landholding areas are in some cases greater than what is reported by village accountants due 

to respondents in this category sometimes reporting land owned in other villages. However, 

households from other villages also own land in the sampled villages, and therefore a dynamic 

land owner-ship pattern is observed both within and between villages. The average area of 

households owning land is 2.7 ha, somewhat larger then the state wide average of 1.74 ha 

(DOAC, 2001). 

Table 8. Total cultivable land area sampled for the base year, subdivided among the various 
landholdings.  

  Landholding categories   
  Marginal Small Medium Large Combined 

Total sampled cultivable land area (ha) 30.4 77.5 136.5 463.9 708.3 
Average cultivable area (ha/hh) 0.63 1.55 2.85 8.16 2.65 
Per capita cultivable area (ha/cap) 0.12 0.28 0.44 1.41 0.49 

 

Landless households represent approximately 18 % of all households in the villages 

(Appendix C, Table C.1). Given the sizeable proportion of landless households, it is important 

that they be included in village-wide optimization as has been done in this study. The lack of land 

area for landless households means that they must depend on obtaining grain and fodder in 

exchange for labour or through purchasing from other households in the village. 

Increasingly, smaller and smaller landholdings are emerging as the population within the 

rural villages continues to grow and as land is being fragmented among family members from one 

generation to the next. This pattern is also noted by Kuniyal (2003) and Suryanarayana (1997). 

Increasing population, accompanied by stagnant yields and fixed land area available for 

cultivation, reduces the production level of food, fodder and fuel on a per capita basis.  
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3.1.3 - Rainfed agriculture and extent of irrigation 

 In all sampled villages, water for cultivation was supplied almost entirely through 

rainfall. Irrigation was limited to a few households, primarily those of large landholders who 

could afford the extra costs for digging borewells and for pumps and electricity. Within 

Inamhongal, an area of only 5 % was irrigated (84 ha), within Madapur only 6 % (45ha), and 

within Shivalli a mere 1 % (7 ha). The main crops that were irrigated were chilli, cotton, jowar 

and groundnut. Farmers reported irrigating more often during the dryer periods of the rabi season, 

and in some instances for the horticultural crops grown over a year (e.g. beetlewine). 

3.1.4 - Observed base year cropping pattern 

 The seasonal cropping patterns observed in the sample largely reflect the recommended 

cropping pattern for cropping in agro-climatic Zones III and VIII. The observed cropping pattern 

for the base year is presented in Table 9.  

Variation in precipitation and variation in soil types between regions will influence 

cropping patterns (UAS, 1985). As outlined in Section 2.1.2, the precipitation pattern was similar 

among the sampled villages, with a range of 527 to 663 mm during the study period. The 

following section discusses the observed cropping patterns within the villages. For a detailed 

cropping pattern of individual households, see Appendix F. 
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Table 9. Observed cropping pattern for the base year, for Inamhongal, Madapur and Shivalli 
during the kharif and rabi seasons. 

     Inamhongal Madapur Shivalli 
   Kharif Rabi Kharif Rabi Kharif Rabi 

  
Total cultivable 
land area (ha) 1805  1805  704  704  1117  1117  

  Percent fallow (%) 15.4% 2.8% 9.0% 72.8% 0.3% 7.9% 

  
Cultivated land 
area (ha) 1527 1754 641 191 1114 1029 

Cereals 

Jowar 70  268  77  39  39  109  
Wheat   367    3  8  273  
Maize 81  61  59    18  56  
Bajra     13        
Ragi     4        

  Total 151  697  153  42  65  437  

Pulses and 
legumes 

Greengram 534    9    243  7  
Horsegram 289        164    
Bengalgram 3  940      27  129  

  Total 826  940  9  0  433  136  

Nuts and 
oilseeds 

Groundnut 14    150  14  262  59  
Sunflower     28    14  126  
Safflower   33  1  1    68  

  Total 14  33  179  15  276  252  

Commercial 
crops 

Chilli     125    67  62  
Onion 467  11  3    205  19  
Cotton 66  75  104  104  63  124  

  Total 533  86  232  104 335  205  
  Other1     68  30      
1  Includes non-principal crops that are reported by a small number of households (less then 5%). 
These crops include Bhendi, Savi, Pigeonpea, Pan, Sesame, Beans, Tomato, Mango, Brinjal, 
Cucumber, Sacci, Beetlewine, Banana, Coconut, Sapota, Potato and Coriander. These crops are not 
optimized as they are not common. 

 

A) Observed cropping pattern in Inamhongal 

Double-cropping was observed in Inamhongal, with principal crops19 in the kharif season 

being maize, horsegram, greengram and onion, and in the rabi season, jowar, wheat, maize and 

bengalgram, Table 9. Cotton was also cultivated throughout the kharif and rabi seasons. Chilli, a 

high value commercial crop, was not cultivated in the region, given that chilli is grown in red 

                                                      
19 Principal crops refer to the most common crops grown in a region.  
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soils (UAS, 1985) and is therefore unsuitable for Inamhongal’s black soils. Similar to chilli, nuts 

and oilseeds are predominantly absent due to nuts such as groundnut favouring growth in light 

red soils. The cropping intensity within Inamhongal was 182%, which is categorized as intensive 

cropping by Kuniyal (2003). 

Crops were grown primarily as monocrops, with less than 5 % of the households 

practicing a limited amount of mixed-cropping and inter-cropping. In comparison to Madapur and 

Shivalli, Inamhongal had the most diverse cropping pattern. 

 

B) Observed cropping pattern in Madapur 

A lower intensity of cultivation was observed in Madapur in comparison to Inamhongal, 

whereby the cropping cycle in Madapur was mainly restricted to the kharif season, with an 

overall cropping intensity of 118 %. The reason for the under-utilization of land could be due to a 

combination of factors, including the inability of farmers to purchase the material inputs, such as 

high quality seed and fertilizer, necessary to cultivate the additional land (Singh et al., 2007b), as 

well as the low availability of labour (Singh and Marsh, 1994; Suryanarayana, 1997). Discussions 

with farmers in Madapur pointed out that there was a large shortage of labour, particularly for 

medium and large farms, likely restricting cropping to the kharif season.  

The principal crops cultivated in Madapur were chilli, cotton, and groundnut. Therefore, 

the cropping area within the village was largely dedicated to commercial crops, lacking the 

village-wide diversity of crops observed in Inamhongal. Generally, crops such as jowar, wheat 

and bengalgram are grown in the rabi seasons (see Table 1), therefore explaining the absence of 

these crops in Madapur, where crops were restricted mainly to the kharif season. Additionally, the 

high value of commercial crops and assurance on the market that a high value can be obtained for 

them heavily contributed to the observed pattern of cultivation (Patil, 2008). 
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 Mono-cropping was the predominant cropping pattern; however mixed-cropping was 

reported by 22 % of households. The patterns of mixed-cropping included cotton-chilli, and 

jowar-groundnut. Inter-cropping was also reported for chilli-cotton, jowar-redgram, jowar-

redgram-horsegram and jowar-safflower. Such combinations are in line with suggested cropping 

combinations (UAS, 1985, also see Appendix B, Table B.2.1).  

 

C) Observed cropping pattern in Shivalli 

 Similar to Inamhongal, double-cropping was also observed in Shivalli village, with a 

cropping intensity of 192 %. In the village as a whole, a diverse cropping pattern was observed 

that included crops from all four of the major crop groups: cereals, pulses and legumes, nuts and 

oilseeds and commercial crops. The principal crops cultivated during the kharif season were 

horsegram, greengram, groundnut, onion and chilli, and in the rabi season, jowar, wheat, 

bengalgram and sunflower were grown. 

Mono-cropping was the most common but mixed-cropping was reported by a limited 

number of households, and consisted of: cotton-chilli, and jowar-groudnut. Inter-cropping was 

also reported by a limited number of households for onion-cotton-chilli.  

 Based on the observed cropping pattern for the base year, conditions were set in the 

optimization model to reflect the associated constraints of the sampled villages. For instance, 

crops such as chilli and groundnut are not cultivated in Inamhongal, and therefore were not 

included in the optimization for that village. 
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3.1.5 – Calculated seasonal crop yields  

 With only a few exceptions, the average yields20 of crops between the villages are quite 

similar (Table 10). The village-wide yields are also quite similar in comparison to state and 

national yields also provided in Table 10.  

Table 10. Calculated crop yields of the study sites during the base year, compared to state and 
national crop yields. 

    
Inamhongal 

(t/ha) 
Madapur 

(t/ha) 
Shivalli    
(t/ha) Karnataka 

(t/ha)1 
India 
(t/ha)2     Kharif Rabi Kharif Rabi Kharif Rabi 

Cereals 

Jowar   0.79 1.70 0.80   0.83 0.98 0.80 
Maize 2.00 0.66 2.20   1.01   2.94 1.89 
Wheat   0.60   0.70   0.70 0.80 2.66 
Bajra         0.76   0.79 0.84 

Pulses and 
legumes 

Bengalgram   0.75       0.79 0.54 0.79 
Horsegram 0.60       0.91   0.43 0.59 
Greengram 0.50   0.63   0.63   0.43 0.59 
Redgram     0.40   0.42   0.62 0.68 

Nuts and 
oilseeds 

Groundnut 0.80   1.10   1.20   0.7 1.04 
Safflower 0.58         0.37     
Sunflower 0.29   1.20   0.30 0.29 0.51 0.55 

Commerci
al crops 

Chilli     0.65   0.73     1.37 
Cotton 0.60 0.60 0.80 0.80 0.65 0.65 0.23 0.28 
Onion 5.90   1.90   4.20   6.03 11.3 

1 DOAC, 2007. Averaged yields from 2004-2006. 
2 DOAC, 2007. Averaged yields from 2000-2007. 
Note: A blank cell under the sampled villages indicates that the particular crop is either not cultivated during 
the particular season or at all in the given village. For state wide and nation wide yields, if the cell is blank 
data is unavailable for the specified crop. 

 

Generally rain-fed crop yields are low compared to the expected yields of irrigated crops 

(Table 1). The majority of crops cultivated in the villages yielded between 500 and 1000 kg per 

hectare. However, when reported on a mass basis, there are exceptions to the generally low yields 

in the study region, most particularly onion which, due to its high water content, yielded 

approximately 5 t/ha.  

                                                      
20 Yield is calculated based on reported cropping area and quantity of produce reported by farmers. 

 



 

  48 

Yield varied between seasons. For instance maize yield was lower in the rabi season, 

likely because of lower rainfall.  

 The calculated crop yields are used in the minimum land area and village-wide 

optimization in the subsequent section, Section 3.2. The optimization model is most sensitive to 

yield, and therefore crop yields will strongly influence the selected cropping pattern. However, as 

demonstrated, the yields used in this analysis are reflective of the state and national average 

yields21, suggesting that typical villages are represented in the study sample. 

3.1.6 - Inventory of livestock 

Table 11 presents an inventory of livestock ownership within the study sites. In addition 

to buffalo and cattle, some chickens and goats were owned; however, this was the case in less 

then one percent of households sampled. The average household, with the exception of Madapur, 

had 1.5 livestock animals, with Madapur averaging nearly 3 livestock animals per household. 

Bullocks were almost always owned by a household in pairs, usually in quantities of 2, 4 or 6 

animals, as bullocks were used in pairs for ploughing and transport. In some cases, farmers of 

small landholdings reported owning one bullock, which they would pair up with a single bullock 

from another small landholding. Buffalo can also be used for ploughing, although this practice is 

rare. Both buffalos and cattle were used for milk production. 

Table 11. An inventory of livestock across the sampled villages. 

    Number of   
    Buffalo Cows Bullock Total Average (#/hh) 

Village 
Inamhongal 345 287 481 1113 1.48 
Madapur 120 173 340 633 2.61 
Shivalli 238 217 599 1054 1.69 

 

                                                      
21 Large variation in yield is observed only for wheat, onion and chili between the study sites and the India 
wide yields. 
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The benefits of owning more livestock are more manure, milk and/or available draught 

power; however, an increase in livestock numbers creates an additional demand for fodder, which 

will have implications for the cropping pattern selected by the model, as will be discussed in 

subsequent sections. Smaller households with lower land resources for fodder production may 

therefore choose to share livestock with other households as discussed, or more often they will 

purchase or exchange fodder in return for labour on larger farms.  

3.1.7 – Base year food, fodder and fuel production and related value of products  

Applying the observed cropping pattern (Table 9, section 3.1.4), a computation22 was 

performed to determine the village-wide food, fodder and fuel production.  

 

Base year food production 

An analysis of the calculated food production (supply) within the villages is presented in 

Table 12, along with the population-wide food requirement (demand), and the balance of 

production. Among the sampled villages, for the period 2006-07, Inamhongal is potentially food 

secure, while Madapur produces inadequate pulses, and Shivalli inadequate cereals.  

Table 12. Calculated food production, food requirements and food balance for the base year. 

 
Particulars Inamhongal Madapur Shivalli 
Food produced (t of c, p and n/o)1 690/ 1148/ 30 307/ 6/ 214 394/ 430/ 452 
Food required (t)2 678/ 59/ 30 241/ 21/ 11 540/ 47/ 24 
Food balance (t)3 12/ 1089/ 0 66/ -15/ 203 -146/ 383/ 428 
1 Calculated from reported cultivation of crops within three food categories: cereals (c), pulses 
(p) and nuts/oilseeds (n/o). Calculated by taking the product of cropped area and calculated 
yield for the respective villages. 
2 Calculated based on village wide population and demography (see Appendix B, Section B.5). 
3 Subtracted requirement for food from calculated production. Positive values indicate surplus 
production that can be exported outside the village to the market, while negative values indicate 
deficiency in production.  

                                                      
22 Following the methodology outlined in Chapter 2. 
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According to the calculated output presented in Table 12, in Inamhongal, adequate 

production in the three major food groups, cereals, pulses and oilseeds was observed. Therefore, 

if households within the village were to consume the recommended amount of produce, there 

should be adequate food to sustain population needs, with additional production of pulses 

available for export to the market. Given that according to farmers, cereal-based products are 

consumed by households with additional produce being exported to the market, it is fair to 

assume that adequate levels of cereals are likely consumed by the village as a whole.  

In contrast to the food production pattern observed in Inamhongal, Madapur’s heavy 

emphasis on commercial crops, and nuts and oilseeds, generates a negative food balance for 

pulses, whereby the village must rely on import of pulses if the calculated demand of 21 tonnes is 

to be satisfied.  

Shivalli experienced a deficit in cereal production during the base year 2006-2007, and in 

order for nutritional demand to be satisfied, especially among landless, marginal and small 

households, the village would have had to import 146 tonnes of cereal grain. Under the base 

cropping pattern, Shivalli produced an adequate level of pulses as well as nuts and oilseeds for 

village-wide consumption, with the surplus being exported to the market. 

 

Inter-landholding differences in nutrient production 

While the focus of the base year analysis is on the village as a whole, it should be noted 

that large differences exist in the food production levels among the different landholdings. For 

instance, marginal, and small households produced adequate food grains to satisfy an equivalent 

of only 10% of their required energy intake and 50 % of their required protein if all food 

produced was to be consumed by the households (Figure 4). However, large landholdings 

produced well above the recommended nutrient intake, at 120% of energy and 180% of protein 
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required. The increased production potential could of course be explained by the large difference 

in cultivable land area available and also to a lesser degree by a greater diversity of crops grown. 

While consumption of foodstuffs was not measured during the field survey, some data were 

collected that indicated that farmers with large landholdings, who are usually market-oriented, 

will sell primarily surplus23 production of cereal based crops to households in the village or the 

market, consuming the rest. This is also supported by work of Babu et al. (1993). Therefore, on 

average, large households should be consuming an adequate amount of on-farm food energy and 

protein, while landless, marginal and small landholdings must depend in large part on purchase of 

food to meet these requirements (Babu et al., 1993). 
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Figure 4. Total calculated base year food energy and protein production among the landholding 
categories during the base year, in relation to the required nutrient level for a basic diet (marked 
by the 100% line).  

 

 

                                                      
23 Surplus in this case refers to the excess grain produced above what the household consumes for satiety. 
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Base year fodder production 

From field observation, ‘undernourishment’ among livestock was prevalent, particularly 

among smaller landholdings. An analysis of fodder production for the base period 2006-2007 

(Table 13) indicates that within Madapur and Shivalli, there was a large deficiency in fodder 

produced, even after an assumed supplement of 30 % from grazing was included. While 

Inamhongal generated enough fodder residues to satisfy nearly 94 % of the necessary 2844 t/yr, 

Madapur and Shivalli produced only 34 and 30 % of 1617 t and 3847 t of fodder required 

respectively. The low cultivation of cereal crops within Madapur and Shivalli can be linked to 

this shortage of adequate fodder for livestock.  

Table 13. Calculated fodder production, fodder requirements and fodder supply-demand balance 
for the base year among all sampled villages.  

Particulars Inamhongal Madapur Shivalli 
Fodder produced (t) 2,681  547  1,151  
Fodder required (t)1 2,844  1,617  3,847  
Fodder balance (t) -163 -1070 -2696 
1 See Section 2.2.2 for fodder demand calculations. 

 

Livestock nutrient deficiency leads not only to lower milk and manure production, but 

also to decreased efficiency in other tasks such as transport and ploughing (Parikh and 

Ramanathan, 1999; Rao and Hall, 2003). Ensuring an adequate and nutritious fodder intake for 

livestock is therefore important for both livestock and humans, and thus is incorporated in the 

model. 

 

Base year fuel residue production and biomass consumption 

Biomass fuels, in the form of both firewood and crop residues, contributed significantly 

to energy consumption in all of the sampled villages. Roughly 85% of all fuels consumed, 

conventional and non-conventional, among all landholdings, were biomass-based fuels. Whereas 

larger farmers consumed more crop residues due to greater residue generation, smaller farmers 



 

  53 

consumed more fuel-wood obtained through collection and / or in exchange for labour. Similar 

fuel consumption patterns are reported by others Pachauri (2004) and Ramachandra et al. 

(2000b).  

On average, a household within Inamhongal, Madapur and Shivalli consumed 1.34, 1.62 

and 1.42 kg of dry fuel-wood equivalent per capita per day respectively for cooking and water-

heating during the base year. Such values are reasonable and in line with studies assessing 

biomass consumption patterns in rural India, which suggest that between 0.93 to 2.87 kg/cap/day 

are consumed for cooking and water heating (Bhagavan and Giriappa, 1995; Ramachandra et al., 

2004; Ramachandra et al., 2000; Sinha et al., 1998).  

Table 14 reveals that during the base year, no village was able to satisfy village-wide fuel 

demand through crop residues alone. An analysis of fuel residue generation for the base year 

reveals that it was adequate to satisfy only 12%, 41%, and 30% of the required supply for 

Inamhongal, Madapur and Shivalli respectively. The low value for Inamhongal is attributed to the 

limited cultivation of commercial crops, such as cotton and chilli, which generate high-energy 

woody residues. In all villages, the remainder of the biomass fuel gap was filled through fuel-

wood consumption. In many cases this fuel wood was in a form that was difficult to collect, such 

as thorny shrubs. Firewood and woody branches from shrubs were found on the border of farms 

(Figure 5), or were collected from roadsides leading into the village (Figure 6) and or within the 

village itself. 

Table 14. Calculated crop residue production, fuel requirements and fuel supply-demand balance 
for the base year among all sampled villages.  

Particulars Inamhongal Madapur Shivalli 
Fuel produced (GJ) 4,570  6,250  8,770  
Fuel required (GJ)1 36,100  15,200  29,600  
Fuel balance (GJ) -31,530 -8,950 -20,830 
1 Determined from reported consumption of total biomass fuel 
(firewood, crop residues and manure) used for cooking. 



 

  54 

Manure contributed a very small portion of overall biomass consumption, only five 

percent, and this was used predominantly on larger farms. Large landholdings possessed more 

livestock, and therefore were able to divert some manure for cooking-fuel purposes. Farmers 

reported using manure for cooking during late zaid months to compensate for the lack of crop 

residues at this time, due to the very limited cultivation during the zaid season.  

The other sources of fuel energy were liquid petroleum gas (LPG), predominantly used 

by large farmers, and electricity and kerosene used for lighting among all households. 

 In summary, the cropping pattern and cropping intensity within Inamhongal produced 

adequate food and nearly adequate fodder but inadequate residues for fuel use. Madapur produced 

adequate cereals and oilseeds, but did not produce adequate pulses, fodder or fuel to supplement 

fuelwood use. Shivalli, like Madapur was also unable to produce adequate fodder and fuel 

residue, in addition to being unable to produce enough cereal foodstuffs to satisfy basic dietary 

requirements for cereals.  

From this analysis it can be said that the diverse cropping pattern observed in Inamhongal 

translates into a more diverse production of products that is better able to satisfy various food and 

fodder demands than the limited cropping diversity and cropping intensity within Madapur.  
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Figure 5. A landscape portrait of agriculture in a typical village of Northern Karnataka, showing 
fragmented and fallow land owned by different households. Also shown are boundary tree species 
and shrubs that provide a source of fuelwood for cooking. 

 

 

Figure 6. Roadside areas along cultivated fields leading into the villages, where firewood is 
collected from trees and shrubs.  
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3.1.8 – Economic analysis of primary and secondary products 

 A prime goal of agriculture in this region is to provide for household needs of food, 

fodder and fuel, and the economic value of these must be considered. Generally, farmers will 

cultivate crops based on the market value of primary products; however, the value of secondary 

products, particularly fodder, must also be considered as such commodities would otherwise have 

to be purchased. The total combined value of primary and secondary products for the base year is 

presented in Table 15.  

Table 15. Economic analysis of the total and net value of all products produced during the base 
year, with associated costs of cultivation. 

Particulars Inamhongal Madapur Shivalli 
Total value of products (Rs)1 60,200,000 17,600,000 41,500,000 
Total value of products (Rs/hh) 80,200 72,200 66,100 
Value of grain and produce (Rs)2 48,700,000 12,400,000 32,700,000 
Value of fodder (Rs)3 6,700,000 1,370,000 2,880,000 
Value of milk (Rs)4 2,660,000 1,590,000 2,680,000 
Value of manure (Rs)5 788,000 444,000 772,000 
Value of fuel (Rs)6 1,270,000 1,780,000 2,470,000 
Cost of cultivation (Rs)7 21,400,000 6,140,000 15,900,000 
Net value of products (Rs)8 38,800,000 11,400,000 25,600,000 
Net value of products (Rs/hh)9 51,700 47,000 40,800 
1 Includes value of all grain and primary produce, and value of fodder, milk, manure and fuel. 
2 Produce refers to the primary product, such as grain and cotton produce. 
3 Value of fodder priced at 2,500Rs/t 
4 Value of milk priced at 10.5 Rs/L. 
5 Value of manure priced at 500Rs/tractorload or 222 Rs/t. 
6 Value of fuel priced at 282 Rs/GJ or 2.5 Rs/kg of dry wood. 
7 Includes cost of materials and labour (see Section 2.2.4 for more detail). 
8 Calculated by taking total value of products and subtracting the costs of cultivation. 
9  Includes value of the produce that is consumed by the household. 
Note: Unless otherwise indicated, all values are on a village wide basis.  

 

 The total value of products is comparable among all three villages, ranging from            

Rs 66,000 to Rs 80,000 per household.  

Primary products, including grains, pulses, oilseeds and commercial crops, contributed 

70-80% of the total production value. Of the secondary products, fodder and milk were the most 
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highly valuable products, with fodder making up 7 to 11% of total value of all products, and milk 

contributing an additional 4-9% to the total value. The value of manure as fertilizer contributed 

some 1 to 3% of total product value. Fuel residues contributed only 2 to 10% of the total value of 

products, given the low price associated with fuel residue as opposed to the other secondary 

products.  

 Along with the total value of products, net value was also determined. When the cost of 

cultivation of crops was included, the net value of primary products declined by 44-50%. 

Therefore, during the base year, an average household gained between Rs 40,000 and Rs 52,000 

as net value. 

 In summary, primary products contributed 70-80% of the total value of products during 

the base year, with estimated household expenditure of nearly half of the gross revenue from the 

primary product on cultivation costs.  

 Using the information and conditions identified thus far, an optimization model was 

developed and applied in a number of cases. The first was to identify the minimum land area and 

associated cropping pattern required to satisfy basic household needs, with reference to village-

wide needs, Section 3.2.1; this was followed in Section 3.3 by a village-wide optimization for an 

optimal cropping pattern to maximize the value of products and fuel produced. Comparisons were 

made with reference to base year production levels. 

 

3.2 – Optimization scenarios for integrated food, fodder and fuel 
production 

3.2.1 - Optimal cropping pattern for satisfying household demands under 
minimum land area 

 

The land area required for food production is influenced by several factors including 

population size and consumption patterns, as well as by agricultural production levels (yield) 

(Gerbens-Leenes and Nonhebel, 2005). Land area requirements are also greater when livestock 
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are included, as they are dependent on the secondary products of the production system for fodder 

(Gerbens-Leenes and Nonhebel, 2005).  

In the following section, the minimum land area (the objective function) required for 

meeting various demands on a household and village level was determined. Through the model, 

possible planning initiatives will be identified for a village, focusing on farmers at the household 

level. The model will identify which crops are capable of satisfying demands of food, fodder and 

fuel on a minimum land area. The minimum land areas for households will then be extrapolated 

to the village to determine the minimum land area required for meeting village-wide demands.  

To this end, several scenarios are modeled and presented in Table 16. The first, S1, seeks 

to establish a crop selection that will meet 100% of household food requirements within the 

minimum land area. Scenarios S2 and S3 seek to optimize, within minimum land area, the 

cropping pattern that will satisfy, fodder (S2), and fuel (S3) needs in addition to food. In S4, a 

smaller portion of the produce is retained for household consumption while the value of products 

is maximized. The value of both primary and secondary products is identified.  

 

Table 16. Legend of the optimization scenarios under minimum land area. 

Label Description 

S1 Minimize land area to satisfy 100% of household food energy and protein 
requirements 

S2 Similar to S1 with addition to satisfy fodder demand for livestock 
S3 Similar to S2 with addition to satisfy household biomass fuel demand 

S4 Maximize income of a household having a minimum land area of S2 as a 
constraint, having to satisfy 70% of household nutritional requirement 

 

For simplification, in all of the above scenarios (S1 to S4) an average crop yield across 

all villages is used and is presented in Table 17 along with the optimal cropping pattern and 

minimum land areas, as well as production values. For detail on constraints and adjustables, see 



 

  59 

Appendix D, which provides an overview of the optimization model using scenario S1 as an 

example.  

Table 17. Results of the minimum land area optimization and associated optimal cropping pattern 
under varying conditions with associated production variables (see text for scenarios and 
conditions of S1 to S4).  

 
 

3.2.2 – Minimum land area required for human nutritional requirements (S1) 

A scenario was run using the optimization model whereby the minimum land area 

(objective function) required to satisfy the total nutritional requirements of a household was 

determined. In the first version of this scenario (S1), no livestock were included, and hence 
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fodder requirement is absent; fodder that was produced was deemed to be surplus, and was given 

both a fuel and economic value as appropriate. It is also important to reiterate that in the 

minimum land area scenarios S1, S2 and S3, net income or value of products is not maximized24. 

Applying the nutritional requirements of a typical household25, it is determined that at 

least 0.77 hectares of land should be set aside for cultivation of food crops for household 

consumption to satisfy these requirements. A cropping intensity of 200% is modeled within the 

year on all cultivable land. The recommended optimal cropping pattern is presented in Table 17, 

showing the distribution of cropped area in both the kharif and rabi seasons. However, within 

regions for which cropping is restricted to a single season, such as in Madapur where planting 

was done mainly in the kharif, the minimum land area required to satisfy the nutritional demands 

of the household would be nearly doubled to 1.55 ha.  

 Under the recommended cropping pattern, it is suggested that a large proportion of the 

minimum land area, 65%, be devoted to cereals and pulses. The suggested areas could be 

cultivated through mono-cropping or alternatively through using inter-cropping or mixed-

cropping of several crop varieties. In fact, mixed-cropping and inter-cropping are encouraged in 

the dryland regions as they provide some measure of pest control, can assist in the germination of 

crops and provide economic protection in case of partial crop failure (UAS, 1985). As has been 

mentioned previously, however, mixed-cropping and inter-cropping are presently practiced only 

to a limited extent in this region, probably due to the additional labour required. 

                                                      
24 The LINDO software deals only with a single objective function, and therefore cannot minimize or 
maximize two objective functions at once. The value of products is larger for scenarios S2 and S3 simply 
due to larger land area under these scenarios.  
25 The average nutritional demand of a typical household can be represented by a household consisting of 2 
adult males, 2 adult females and an adolescent child, who collectively require 4,602 Mcal/yr of energy and 
114 kg/yr of protein. Due to the variations in consumption units based on age, a household with more 
children and fewer adults will yield similar requirements as a household with the 5 persons as presented 
here. For instance, a household of 6, with 1 adult male, 1 adult female, 2 adolescents and 2 children 
requires 4,691 Mcal/yr of energy and 116 kg/yr of protein.  
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It should be noted that in the present study, the optimal cropping pattern should be taken 

to mean that a certain proportion of different food types should be cultivated, but not necessarily 

the exact mix of species as suggested. Especially where yields of different pulses are very similar, 

personal preference may appropriately determine the particular species that a household may 

choose to cultivate. As a generalization, if a household wishes to satisfy nutritional requirements, 

given the specified yields, within one hectare a household should cultivate 50% of area with 

cereals under the kharif season along with 20% area under pulses and 30% under oilseeds and or 

commercial crops. During the rabi season the same household should cultivate all of the area with 

cereals.  

Along with the food produced in S1, fuel residue in the form of surplus fodder is 

produced as a by-product that could be used to supply 19 GJ of total energy for the typical 

household. While this is inadequate to cover total demand for biomass energy of 53 GJ/hh/year 

(see Table 17) additional fuel could be obtained as fuelwood from common grounds and or as 

residues in exchange for labour.  

When considering the average land area of a marginal household of 0.63 hectares, it 

becomes apparent that even under an optimal cropping pattern, with a cropping intensity of 

200%, marginal households cannot produce all the required food. Therefore, the average marginal 

household would have to rely in part on purchase of food to satisfy basic demands of food energy 

and protein. 

Under the minimum land area scenario S1, the total value of products equals nearly Rs 

22,800, with grain contributing approximately 80% of this value. When the cost of cultivation is 

considered, the total value of products declines by 30% to a net value of just below Rs 16,000. 

Some of the produce would be sold, as is the case with onion, which covers up to 70% of the cost 

of cultivation, however additional sources of income would be required to cover the remaining 
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30% of cultivation costs. In fact marginal and small landholdings are often in the situation 

whereby they cannot independently cover cultivation costs because of the low production output. 

Therefore, they must engage in labour on larger farms or elsewhere, while also being dependent 

on cash and in-kind loans to cover the start-up costs and additional consumption needs such as 

fuel and clothing (Put and Spengen, 1988). It has been estimated that for the poor rural 

agricultural and non-agricultural households, wage income, on average, makes up 50% of the 

total household income (Narayana and Vani, 2000).  

Further, assuming that 0.77 ha per household is the minimum land area required for each 

household in the villages, it can be shown that all three villages taken as a whole have the 

potential to be food secure given the constraints and assumptions that have been applied. 

Specifically, for Inamhongal (750 households) the minimum land area required for food security 

is only 35% of the total cultivable land area, for Shivalli (628 households) it is 45% of total 

village cultivable area assuming base year cropping intensity, and for Madapur (243 households) 

it is 45% of the land area under a cropping intensity of 118%26. 

3.2.3 – Minimum land area required for food and fodder requirements (S2) 

When the model is optimized such that livestock are included as an adjustable, the model 

stipulates that the optimal livestock number for the typical household required to satisfy milk 

requirements is one cow (or buffalo)27. Taking the fodder demand of this animal, along with the 

food requirements of the household, the minimum land area that should be set aside to satisfy 

food and fodder requirements of a household of five rises to 0.87 ha. Therefore, a household 

having at least one milk animal but having less than the stipulated land area would have to 

                                                      
26 The lower cropping intensity in Madapur reflects the restricted period of cultivation to the kharif season. 
27 Marginal and small farms will often own only 1 livestock animal, usually a cow. The larger ratios seen in 
Table 11 are reflective of more livestock being owned by larger landholdings, which tend to amplify the 
per household livestock number.  
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depend either on grazing for fodder, or on purchasing or earning fodder through exchange for 

labour. As mentioned previously, the aforementioned practice is common for those households in 

the marginal or landless categories.  

The required 13 % increase in land area (from 0.77 ha) with the addition of livestock 

appears to be small, primarily because onion is substituted with high yielding fodder crops like 

maize.  

With the addition of livestock, an increase in the value of products by about Rs 6,500 is 

observed. This increase can be attributed to a greater proportion of produce being available for 

market export, as some of the food energy, and especially protein, requirements are satisfied 

through milk consumption. In fact, with the addition of livestock, and with the increased land 

area, approximately 0.85 t of maize can be sold for some Rs 9,075, enough to cover the cost of 

cultivation at Rs 7,810. Further value is generated though milk (Rs 4,000/livestock/yr), and 

manure (Rs 400/livestock/yr). These findings support the notion that livestock are an important 

source of income, as well as providers of high quality protein, for the rural poor (Mandal et al., 

2005; Narayana and Vani, 2000). Further, as Devendra and Thomas (2002) suggest, significant 

profits can be made from the integration of livestock into a cropping system, with increased 

income from milk and increased productivity through manure application. 

 Assuming that 0.87 ha per household is the minimum required land area held by all 

households in the villages, and that each household owns one livestock animal, a village-wide 

cultivated area of 40%, 51% and 51% would be required for Inamhongal, Madapur and Shivalli 

respectively, taking base year cropping intensity. As these are minimum required land areas, 

anything above the stipulated areas could be planted with any other crops appropriate to the area 

and season. 
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 As a general rule then, a minimum of 0.9 ha of land would be required to satisfy the 

fodder requirements of one livestock animal and the nutritional requirements of the average 

household under a diversified field crop scheme. 

3.2.4 – Minimum land area for food, fodder and fuel energy requirements (S3) 

When the optimization model is further modified to include fuel within the food and 

fodder mix, the required land area changes significantly.  

A scenario was run such that all the adjustables and constraints in S2 were present with 

the addition of a constraint that a minimum production of fuel biomass must be present to satisfy 

the cooking and water-heating demands of the household. As reported previously, it was 

determined that 53 GJ of fuel energy is used for these purposes, equivalent to 2.9 tonnes of fuel 

biomass per year per household or about 1.6 kg/capita/day. 

 When fuel residues were included, the minimum land area required with a cropping 

intensity of 200% (kharif and rabi season) is determined to be 1.60 ha/hh, nearly double the land 

area needed to satisfy only food and fodder demands. The reason for the large increase in the land 

area is due to the fact that all of the residues produced in S2 are consumed as fodder, leaving no 

excess of secondary material to be used as a fuel. In S3, more maize is grown, providing the 

surplus stover for cooking. While the model suggests that maize stover will provide the fuel 

necessary for cooking, the household would likely collect additional fuel-wood, particularly when 

cooking long-duration meals that require a more consistently burning fuel (Rao et al., 1992). 

Woody cotton and chilli sticks also make a high quality fuel for this reason, but of course farmers 

would almost always choose to grow these crops on the basis of the cash value of the primary 

product rather then because of the fuel energy potential of the secondary materials.  
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 The value of products in S3 increases two-fold from scenarios S1 and S2, given that the 

land area doubles to 1.6 ha/hh. Under this scenario, the cost of cultivation would be covered, even 

after consumption of produce by the household has been considered. 

 Assuming that 1.60 ha/hh is the minimum land area held by all households in the village, 

73%, 94% and 94% of land area for Inamhongal, Shivalli and Madapur respectively would be 

required to satisfy all of the three-fold needs of the village community. This suggests that even 

with the low yields of the region and fragmented land area, Inamhongal and Shivalli would still 

be able to satisfy the three-fold demands, with one livestock animal per household. Madapur 

would only partially meet these demands given the low cropping intensity.  

 As a general rule then, households owning approximately 1.6 ha and cultivating at an 

intensity of 200% are in a position to satisfy fuel needs, fodder demands for one livestock animal, 

and the household’s basic dietary demands.  

3.2.5 - Maximizing net value under minimum land area and partial human nutrient 
fulfillment (S4) 

Another important scenario to consider is one in which maximum revenue generation 

through agriculture is modeled, and whereby a household consumes a certain proportion of 

required nutrients through production, purchasing the rest. Such a scenario applies to marginal 

and small households in particular, as they are constrained for land area and are the most 

dependent on using their income for the purchase of food (Narayana and Vani, 2000).    

 Keeping the land area constant at the minimum calculated for food and fodder (S2), an 

adjustment was made to food demand such that 70% of nutritional requirements are consumed, 

while the remaining 30% are purchased by the household. By relaxing the nutritional requirement 

that must be met on-farm, the household could grow other cash crops for sale and use the profit 

for purchase of food. For instance, given that rice cannot be grown in the dry, rain-fed 
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agricultural area of the study, but is a staple food of the local diet, households would be required 

to purchase rice. 

 Using parameters as outlined above, when the net value of products is maximized, this 

value becomes Rs 25, 900, a increase of nearly 3,600 Rs from S2. This difference is achieved by 

increasing the sale of maize, and increasing the cultivation of bengalgram, a high value crop, at 

the expense of relaxing the nutrient requirements. Scenario S4 can be considered a compromise 

between growing a certain portion of food for retention in the household, while purchasing the 

rest.  

3.2.6 - Implications for marginal and small landholdings: difficulty in meeting food 
and fodder demands 

Shiva (2004) argues that the future of agriculture in India needs to be based on small 

farms and small farmers, who he indicates are the backbone of agriculture.  

The scenarios provided above are important for several reasons. First, they demonstrate 

the hardship that marginal and small households would have if they attempted to rear livestock 

while seeking to satisfy all household nutritional requirements and while growing their own fuel; 

such a scenario is not possible given the low yields and limited land area. Given the small area of 

land, which requires a correspondingly limited time for cultivation, labouring on other farms is in 

fact a common practice for farmers in the marginal category (Narayana and Vani, 2000). In 

addition, given the low yields, households of lower landholdings often have to choose which 

crops to plant, balancing ones with high commercial value from which revenue will be used for 

food purchase with food crops that could potentially fail (Shiva, 2004). Often smaller 

landholdings will choose to cultivate profitable crops like bengalgram, which they will then sell 

and use the funds for food purchase. It has been suggested that on average India’s rural 

households spend 50 % of income earned from agriculture on food purchase (Kennedy et al., 
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2006). However, such a trend whereby farmers cultivate primarily for cash value, from which 

food crops are purchased, has been perceived as an un-sustainable practice. One only has to 

assess the present situation of soaring grain prices to understand the vulnerability of marginal and 

small farmers who cultivate predominantly commercial-based crops. Marginal households within 

Madapur are a prime example of un-sustainable, commercial-based agriculture, whereby during 

the base year 82% of households cultivated a single oilseed or commercial crop (see Appendix F). 

Further, Shiva (2004) argues that cropping exclusively for cash crops could in fact be 

driving farmers to impoverishment, due to the variable minimum support price system in India. 

The Government of India guarantees a minimum price for grains and other produce, however in 

recent years the support system has collapsed, providing farmers with lower minimum support for 

their produce, in some cases below the cost of cultivation. In further support of a certain level of 

subsistence based farming, in terms of nutrient intake, Babu et al. (1993) suggest that those 

households which practice subsistence farming are able to recover faster from poor or fluctuating 

crop yields then those households which are more market oriented, and cultivate predominantly 

commercial crops. The predominant cultivation of commercial crops has also been termed a high-

risk strategy due to potential failure of crops leading to decreased revenue and further hunger (Put 

and Spengen, 1988).  

Therefore, the practice of growing all produce for sale is neither sustainable nor reliable 

from a standpoint of meeting nutritional or fodder demand. Export driven agriculture at least 

partially explains the recent mass shortage of rice in India, resulting in the banning of certain 

variety of rice export in October 2007 due to these shortages (BBC, 2008).  
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The aforementioned discussion supports the findings of this study, which encourages 

diversified28 cropping, with emphasis on cereals and also pulses. Such a diversified pattern as 

discussed would provide a greater level of food security and nutrient intake among smaller 

landholdings, while providing other needs of fodder. In addition, by producing more food within 

the village, relative prices of food should decrease, improving not only physical but also 

economic access to food by the rural poor (Suryanarayana, 1997). 

As an example of diversified cropping, in another study, an integrated farming system in 

the western region of Uttar Pradesh was developed for farmers of small and marginal 

landholdings. These farmers were able to produce all the required domestic food and fodder from 

a variety of crops including cereals, pulses, oilseeds, vegetables, fruits and milk (ICAR, 2008). 

Not only this, but adequate fodder was produced on these small holdings, with additional revenue 

being generated for the farm. Therefore, with the proper dissemination of information to farmers, 

diversification can sustain a level of production able to satisfy numerous demands as described.  

3.2.7 - Minimum land area requirement: Comparisons with other studies 

Several other studies have quantified the minimum land area that is required to satisfy the 

food requirements of a given population; however under different circumstances, yields and 

methodologies (Gerbens-Leenes et al., 2002; Gerbens-Leenes and Nonhebel, 2005, 2002; 

Kuniyal, 2003; McIntyre et al., 2001; Rais et al., 2008). Gerbens-Leenes et al.(2002) and 

Gerbens-Leenes and Nonhebel (2005, 2002) conducted a study in the Netherlands, where they 

determined that a household consisting on average of 2.5 individuals required approximately   

0.14 ha of land per capita (0.70 ha/household of 5) for an affluent diet. A 2003 study by Kuniyal  

                                                      
28 Diversified cropping in this context refers to the cultivation of various cereal and pulse based crops, for 
example jowar, maize, wheat, bengalgram and greengram, on the same plot of land over the kharif and rabi 
seasons.  



 

  69 

in the substantially different area in the Uttaranchal Himalaya region of Northern India 

determined that from the cropping pattern and productivity of that area, 0.20 ha/person (1 ha/hh) 

are required for basic survival. In 2001, McIntyre and colleagues found that only 0.10 ha/capita is 

required to satisfy food demands of the population in Uganda. Lastly, Rais et al. (2008) found 

that approximately 0.20 ha/capita (1 ha/hh) of land is required to satisfy basic food demands in 

the Uttarakhand region of India. Therefore, while differences in diet exist, the aforementioned 

land area values are comparable to that of the present study, which found that for a basic diet29, a 

minimum area of 0.18 ha/capita (~ 1 ha/hh) (S2) would be required to satisfy food and milk 

consumption. 

To my knowledge no studies have calculated minimum land area for the Indian 

household production system in the dryland region applying optimization methodology. Previous 

optimization studies (Nedunchezhian and Thirunavukkarasu, 2007; Parikh and Ramanathan, 

1999; Kanniappan and Ramachandran, 1998; Raja et al., 1997; Painuly et al., 1995; Singh and 

Marsh, 1994; Parikh, 1985; Parikh and Kromer, 1985) did not optimize for minimum land area 

and therefore a comparison is not possible. 

In the subsequent section, Section 3.3, a village-wide optimization is adopted in order to 

capture the dynamics of the agricultural system and various products within an entire village.  

3.3 – Optimal cropping pattern for satisfying village wide demands 

In Section 3.2.1, optimization was carried out to determine household-level production 

and land area requirements. This information is particularly useful for dissemination to individual 

farmers and for setting recommendations for tackling poor nutrition amongst smaller landholding 

households. Using this information, some discussion of village-wide implications with regard to 

                                                      
29 Even though land areas are similar, one should note the distinction between the basic diet of studies done 
in the Indian context (vegetarian), versus the affluent diet in the Netherlands context.  
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minimum land area was also presented. The following section builds on this village-wide 

analysis. Village-wide information is important for planning at the village level, but also for 

planning at the district level where various village data can be aggregated. 

Within a village, fodder residues and fuel residues, as well as milk products, are shared30 

among the households, whereby primarily farmers with larger landholdings will exchange  

residues for labour or sale to those with less land. In this way, the village forms an integrated 

community in which resources are co-utilized; as such, it is important to consider the agricultural 

system as a collective one.  

Therefore, in order to capture the dynamics of an entire village, a village-wide 

optimization was performed and comparisons were made to the outputs computed for the base 

year 2006-2007.  

Two scenarios were examined (Table 18). In the first (M1), Section 3.3.1, the objective 

function was to maximize the net value of products from the agricultural process. In the second 

optimization scenario (M2), the objective function was to maximize fuel residue generation after 

accounting for food and fodder demands (Section 3.3.2). The fuel generation potential from both 

M1 and M2 were applied in determining the potential for cleaner fuel generation, particularly 

decentralized electricity generation (Section 3.4).  

Table 18. Legend of the village-wide maximization scenarios optimized. 

Category Description 
M1 Optimal cropping pattern and production parameters under maximum net value 

M2 Optimal cropping pattern and production parameters under maximum fuel 
generation 

 

                                                      
30 Shared is referred to in the context of products, be it primary (grain) or secondary (fodder, manure 
fertilizer, fuel residues) being acquired through monetary purchase, payment in kind for labour, and non-
agricultural services that may be rendered. 
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3.3.1 – Optimal cropping pattern and production parameters under maximum net 
value (M1) 

 In this first category (M1) of village-wide optimizations, the objective function was to 

assess how the cropping pattern and production of various products - food, fodder and fuel -

change when the net value of products is maximized, in comparison to the observed cropping 

pattern for the base year. The analysis maintains the requirements of providing a basic diet for 

animals and livestock, using the base year human and animal population data. In practice, farmers 

aim to maximize value of products given certain constraints, such as land area. Maximization of 

the net value of products is therefore a realistic scenario in line with current practices. However, 

as was observed in Section 3.1.7, farmers for the most part did not cultivate optimally for food 

and fodder, whereby a large shortage of fodder, and to some extent food, was determined in 

Madapur and Shivalli. Therefore, the constraints imposed by the model, under which food and 

fodder requirements must be satisfied, will have an impact on the observed cropping pattern. As 

has been mentioned previously, by having the aforementioned constraints, the model emphasizes 

self-sufficiency of the villages, in the same way as has been done using other models 

(Kanniappan and Ramachandran, 1998; Raja et al., 1997; Singh and Marsh, 1994). 

Results of the optimal cropping pattern in this scenario are presented in Table 19. The 

cropping pattern presented is optimal under the assumption that food and fodder requirements are 

satisfied as defined within the table.  
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Table 19. Results of the optimal cropping pattern when net value is maximized. 

 
 

Optimal area under cereal crops 

Under the optimal cropping pattern modeled, cereal crops take up the predominant area 

of cultivation, making up 17%, 51% and 55% of cultivated area within Inamhongal, Madapur and 

Shivalli respectively during the kharif season, and 68%, 100% and 97% of area respectively in 

the rabi season (Table 19). This is in comparison to the cropping pattern of the base year, in 

which during the kharif season cereal crops made up only 10%, 24% and 6% of total cultivated 

area and 40%, 22% and 43% in the rabi season (Table 9). Overall, this represents approximately 
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a 2 fold increase in area under cereals from the base year for Inamhongal, and a 3 fold increase 

for Madapur and Shivalli (Table 20). 

The large area recommended for cereals by the model is due to both human cereal 

consumption, but even more to the need for fodder. Given that there was a large deficiency of 

fodder for the base year in Madapur (~ 1,000 t dry) and Shivalli (~ 3,000 t dry), in order to satisfy 

the gap between the supply and demand, the model indicates that a shift in cropping should occur 

to favour cereal crops. In contrast, within Inamhongal, the observed cropping pattern produced 

adequate food for the village, and nearly adequate fodder requirements, and therefore the optimal 

area is similar to that in the base year (Table 20).  

Table 20: Percent change in land area under cereals and pulses, in comparison to oilseeds and 
commercial crops, between the base year cropping pattern and the optimal cropping pattern under 
simulation of maximum net value (M1). 

  Particulars Inamhongal Madapur Shivalli 

Cereals 
Base year pattern (ha) 848 195 502 
Optimal pattern (ha) 1453 519 1612 
Optimal area as a % of base area 171 266 321 

Pulses 
Base year pattern (ha) 1766 9 569 
Optimal pattern (ha) 1186 264 64 
Optimal area as a % of base area 67 2933* 11 

Oilseeds and 
commercial crops 

Base year pattern (ha) 666 530 1068 
Optimal pattern (ha) 641 48 469 
Optimal area as a % of base area 96 9 44 

* Note the percentage is inflated by the very low area under cultivation for the base year. 

Optimal area under pulse crops 

Pulses also contribute to the fodder production of households, but not to the extent as do 

cereal crops, due both to the greater yield and the larger fodder ratio of cereals crops. For 

Inamhongal, the area optimally recommended for pulses, 47 % of total land area in the kharif and 

27 % in the rabi season (Table 19), is somewhat less than that observed, 54 % and 55 % in the 

kharif and rabi seasons respectively, in the base year (Table 9). This would represent an overall 

decrease of some 30 % in area under pulses for Inamhongal (Table 20). 
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Similar to Inamhongal, Shivalli cultivated large areas with pulses and legumes, 40 % of 

the land during the kharif and 13 % during the rabi season (Table 9). The model suggests that 

under optimal cropping, only 3 % of land in the kharif and 0 % in the rabi season should be 

cultivated with pulses (Table 19). This would require a reduction of 90 % area under pulses 

(Table 20). Again, this reduction is associated with the diversion of land towards cereals due to 

the need for fodder that can be supplied by cereals.  

On the contrary, the cropping pattern for the base year in Madapur consisted of almost no 

pulses, whereas the model suggests that 41 % of land in the kharif season be cultivated with 

greengram. There is however some uncertainty of why pulse-based crops are largely absent 

during the base year, and such a recommendation as that suggested here needs to be validated. In 

the model, the increase in area under pulse cultivation for Madapur can be attributed to the need 

for fodder, but also to the high economic and nutritive value of greengram as a primary product. 

 

Optimal area under nuts and oilseeds 

The increased cultivation of cereals and pulses has meant that other crops have had to be 

reduced in area. Under an optimal cropping pattern, a reduction in pulse, and nut and oilseed 

production, particularly in Madapur and Shivalli, has accounted for the extra land area required 

for the increased cereal production. Within Madapur, an area reduction of 21% in the kharif 

season and 8% in the rabi season was necessary to provide for additional cereal and pulse 

production. In Shivalli, an area reduction of 23% during the kharif season and 25% during the 

rabi season in nuts and oilseeds is modeled. Essentially the optimization reduces the cultivation 

of nuts and oilseeds to a level that provides only the minimum household oilseed requirements as 

modeled to be necessary for village-wide consumption. For Inamhongal, the cultivation of nuts 

and oilseeds is minimal during both the base year and under the optimization scenario. 
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Optimal area under commercial crops 

The cultivation of commercial crops has also been reduced in area within Madapur, from 

33% and 15% of the land area within the kharif and rabi seasons to 0%, again to account for the 

increased need for land under cereal crops (Table 9 and Table 19). The model stipulates that in 

order to satisfy the food and fodder consumption needs of Madapur village, there is not enough 

land for cultivation of commercial crops such as cotton, given that commercial crops have no 

palatable fodder value (Rao et al., 1992). Therefore, assuming the soil can support shifts in 

cropping pattern, for Madapur, a diversion of all land currently under commercial crops to cereal 

and pulse based crops would be required to satisfy demands for food and to improve nutritional 

intake of livestock through adequate fodder. Such large changes in allocation of land have been 

cited in other studies. McIntyre et al. (2001) found that for improved nutrition, changes in the 

allocation of land would have to occur with a 2/3 reduction in cropped area of banana in favour of 

grain crops such as maize and jowar, in a region of Uganda. 

For Inamhongal and Shivalli relatively similar proportions of land area under commercial 

crops are observed for the optimal and base years (Table 19 and Table 9). The cultivation of chilli 

and cotton in the respective villages produces an important secondary product, woody biomass, 

which is generally fully utilized by the household for cooking and water- heating (Rao et al., 

1992). On the other hand, the reduction in cotton cultivation within Madapur means that lower 

fuel residue production will result, therefore potentially motivating villagers to seek more fuel-

wood from common lands. Such a shift could lead to over-harvest of local forest resources, 

especially as it has been suggested that regional productivity of forests cannot sustain the 

increasing fuel-wood demand within Northern Karnataka (Ramachandra and Shruthi, 2007; 

Ramachandra et al., 2000b). 
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Further, chilli is a favoured commercial crop within Shivalli, given chilli’s high rate of 

economic return. Chilli is not cultivated within Inamhongal (see Section 3.1.4). Employing its 

selling price at the time of the field work for this project, onion proved to be a lucrative 

commodity on the basis of value per unit area of production. However, it should be noted that 

onion is highly volatile in price, and therefore a shift in price can affect the cropping drastically, 

reiterating that the model and its results cannot be regarded as static. The model and associated 

constraint values must be continually updated to reflect changing prices and yields.  

 Together then, oilseeds and commercial crops represent a 4 %, 9 %, and 50 % reduction 

in area for Inamhongal, Madapur and Shivalli respectively (Table 20). 

It should also be noted that in all cases the optimization was based on presently observed 

yields. Clearly, a sustained effort to improve productivity would bring major dividends in 

providing for self sufficiency while also allowing for cultivation of a variety of cash generating 

crops. 

 

Suggested cropping pattern and current global grain situation 

It is interesting to examine these recommendations in light of current discussions 

regarding the dwindling reserves of global grain stocks and world food price changes. The 

recommendations toward increased emphasis on food grains are clearly in line with a growing 

recognition of the importance of food-based agriculture at the expense of other commodities. At 

the same time, the recommendation of a reduced emphasis on cultivation of pulses (Inamhongal 

and Shivalli) is not consistent with India’s national situation. Data for the past five years show 

that, 15 million t of pulses are consumed each year in the country, while production is close to 13 

million t. The deficit is made up by imports, Canada and Myanmar being first and second in 

supply of these imported commodities (vanLoon, 2008). 
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Value of products generated from the maximum net value optimization 

Table 21 presents the production values for food, fodder and fuel as compared to the 

demands, and in addition provides the economic values inclusive of both primary and secondary 

products and the associated cultivation costs. 

Table 21. Production values resulting from the maximization of net-value.  

  Particulars Inamhongal Madapur Shivalli 

Food1 
Food produced (t)3 1390/ 780/ 30 733/ 166/ 53 1419/ 48/ 24 
Food balance (t) 712/ 721/ 0 492/ 145/ 42 879/ 0/ 0 

Fodder1 
Fodder produced (t) 3,283 1400 2,695 
Fodder balance (t) 439 -217 2 

Fuel1 
Fuel produced (GJ) 9,000 2,800 7,400 
Fuel balance (GJ) -27,000 -12,400 -22,200 

Economics2 

Total product value (Rs) 56,600,000 18,000,000 43,200,000 
Total product value (Rs/hh) 75,400 74,000 68,900 
Value of primary products (Rs) 43,500,000 11,700,000 31,000,000 
Value of fodder (Rs) 7,110,000 3,500,000 6,730,000 
Value of fuel (Rs) 2,560,000 796,000 2,100,000 
Cost of cultivation (Rs) 18,400,000 5,670,000 13,400,000 
Net value of products (Rs) 38,100,000 12,300,000 29,800,000 
Net value of products (Rs/hh) 50,900 50,700 47,500 

1 See Section 3.1.7 for food, fodder and fuel requirements.  
2 Value of milk and manure is same as that provided in table x, as the number of total livestock in the 
village are kept constant. 
3 Food production and balance is reported in the following format: tonnes of cereals, tonnes of pulses and 
tonnes of nuts and oilseeds. 

 
 

Under the scenario of maximum net value, the net value of products ranges from            

Rs 47,500 per household for Shivalli to roughly Rs 50,800 per household for Inamhongal and 

Madapur. This compares to the study by Nedunchezhian and Thirunavukkarasu (2007) who 

determined the optimal net value of products from cropping and livestock is 54,810 Rs/hh for 

selected villages in Tamul Nadu, with variability in net value of production observed between 

marginal and large farmers at Rs 38,100 and Rs 87,200 respectively.  
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For Inamhongal, the maximum net value and the net value from the base year are 

relatively similar which is expected given the similar optimal and base year cropping patterns. 

For Madapur, in the optimization scenario, the net value of products increases, by Rs 3,700/hh 

from the base year, while Shivalli could expect an increase of some Rs 7,000/hh. The increase in 

the net value of products is primarily due to the increased value of secondary products, 

particularly fodder (and to a smaller extent milk) given its greater production under the optimal 

pattern. The value of primary products decreases slightly due to the substitution of some of the 

higher-value crops, such as greengram, horsegram and chilli for lower-value jowar. Therefore, 

while a shift in cropping pattern to cereal crops will decrease value of primary products to a small 

degree, the overall net value remains similar.  

 In a setup that was somewhat different than that in this study, Raja et al. (1997) also 

maximized the net revenue from crops through the optimal selection of land area under various 

crops. The study found that through proper planning, the net revenue of the block could be 

increased by 54%, from Rs 17,600 per hectare to Rs 27, 176 per hectare, without having to import 

cereals or fuels into the block, making the block self-sufficient. When the net revenue parameters 

of the present study were changed to be the same as the revenue parameters in Raja et al.’s 

study31, it was found that the per-hectare net revenue of the primary products and milk, increased 

by an average of 24% for the three sampled villages, from an average of Rs 9,216 per hectare to 

Rs 11,443 per hectare. 

The greater net revenue of Raja et al.’s study on a per-hectare basis can be attributed to 

the greater yield of the irrigated crops, averaging 2 times the yields of the same varieties within 

this study. Even though an extra cost is incurred in the capital and operational costs of pump sets, 

                                                      
31 The net revenue in Raja et al.’s (1997) study considered the revenue from crop produce and milk, 
subtracting the costs of cultivation which included purchased fertilizer, pesticide, feed and energy. 
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the overall yield increases the net value to more then double that calculated in this study. There 

are also other economic benefits from having the ability to grow high-value crops such as 

sugarcane under irrigation, which cannot be grown on dryland farms (Isabella, 2004). Like the 

current study, Raja’s study found a few particular crops to be optimal for cultivation, and others 

that are optimal when grown in smaller quantities. Raja et al.’s model provides an output 

whereby rice, cotton, jowar and pulses are the predominant crops to be cultivated, along with 

other minor crops including sugarcane, groundnut, bajra and other cereals.  

In summary, the increase in net revenue suggests that, under the existing conditions, there 

is room for additional income to be generated when the model of the present study is used to 

recommend an optimal cropping pattern.  

 

A further note on the role of livestock and the need for additional feed supplementation  
   

While grain production is the primary source of nutrients in the model, livestock also 

play an important role in nutrition in addition to providing variety in the diet. While the rearing of 

livestock and therefore the production of milk occurs mainly in medium and larger landholdings, 

given fodder availability, the milk is distributed within the village through purchase by smaller 

landholding households. According to the calculated production of milk from the village-wide 

livestock inventory, between 5-6% and 11-17% of food energy and protein consumed within the 

village is supplied by milk.  

However, in the case of each village, while 100% of the suggested intake of TDN is 

achieved through consumption of fodder in the model, the required level of DCP is not satisfied, 

reaching only 57-61% of the recommended DCP intake. Raja et al. (1997) also found that the 

optimal cropping pattern only partially satisfied DCP requirements of livestock within their 

block, even under irrigated agriculture, suggesting that it is not quantity but rather fodder nutrient 

quality that restricts DCP intake. Therefore, it is likely that in addition to grazing, a highly 
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nutritious feed supplement would have to be purchased within all villages to meet the specified 

requirement for DCP; this practice is reported particularly by farms of large landholdings in our 

study and in others (Painuly et al., 1995; Paul et al., 2003b). As previously emphasized, nutritious 

fodder is important because it can yield milk in greater quantity and of better quality, along with 

increased manure production (Painuly, 1995; Rao and Hall, 2003).  

3.3.2 – Optimal cropping pattern and production parameters under maximum fuel 
generation (M2) 

One goal of this research has been to determine if an agricultural system can 

simultaneously satisfy the need to produce food and fodder, and also to produce biomass that can 

be employed as an energy resource. In order to determine the production limit, an optimization 

with an objective function to maximize residue-based fuel generation is performed (M2) while 

taking into consideration the demand of residues for livestock fodder. Results of the optimal 

cropping pattern under the maximization of fuel production are presented in Table 22.  
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Table 22. Results of the optimal cropping pattern when fuel residue generation is maximized. 
 

 
 
 
 

Optimal cropping pattern 

As can be seen in Table 22, cereal crops are favoured under scenario M2, given their 

greater residue generation potential. The percent change in area of crops under scenario M2 is 

very similar to M1, with the only substantial changes from the base year seen in a further 

reduction in area for oilseeds and commercial crops (Table 23). No change in cropping area from 

scenario M1 is observed for Madapur, given that all area has to be devoted to fodder and food 

crops, due to the low cropping intensity discussed previously (see Section 3.1.4).   
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Table 23: Percent change in land area under cereals and pulses, in comparison to oilseeds and 
commercial crops, between the base year cropping pattern and the optimal cropping pattern under 
the simulation of maximum fuel generation (M2). 

  Particulars Inamhongal Madapur Shivalli 

Cereals 
Base year pattern (ha) 848 195 502 
Optimal pattern (ha) 2134 519 2064 
Optimal area as a % of base area 252 266 411 

Pulses 
Base year pattern (ha) 1766 9 569 
Optimal pattern (ha) 645 264 59 
Optimal area as a % of base area 37 2933 10 

Oilseeds and 
commercial crops 

Base year pattern (ha) 666 530 1068 
Optimal pattern (ha) 276 48 20 
Optimal area as a % of base area 41 9 2 

 

Production values under maximum fuel generation 

When the cropping pattern is shifted such that fuel residue production is maximized, the 

net value of products, averaging Rs 51,000 for Inamhongal and Madapur and Rs 44,000 for 

Shivalli (Table 24), does not change significantly as compared to the value from scenario M1 

(Table 21). While the net value of products remains similar, there is a notable difference between 

the primary and secondary value of products. In all villages, the value of primary products 

decreases by approximately 30%. Therefore the crops that are selected for the production of 

maximum fuel in M2 are not necessarily the most profitable, given that the value of biomass fuel 

is relatively low. 
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Table 24. Production values resulting from the maximization of fuel generation. 

  Particulars Inamhongal Madapur Shivalli 

Food1 
Food produced (t)3 2364/ 385/ 30 732/ 166/ 53 1870/ 47/ 24 
Food balance (t) 1686/ 326/ 0 491/ 145/ 42 1330/ 0/ 0 

Fodder1 Fodder produced (t) 4,884  1400 3,642  
Fodder balance (t) 2,040  -217 949  

Fuel1 Fuel produced (GJ) 37,300  2,830  15,200  
Fuel balance (GJ) 1,200 -12,300 -14,400 

Economics2 

Total product value (Rs) 51,700,000  18,000,000  36,900,000  
Total product value (Rs/hh) 68,900  73,900  58,700  
Value of primary products (Rs) 30,500,000  11,600,000  22,400,000  
Value of fodder (Rs) 7,110,000  3,500,000  6,730,000  
Value of fuel (Rs) 10,600,000  803,000  4,320,000  
Cost of cultivation (Rs) 13,500,000  5,660,000  9,120,000  
Net value of products (Rs) 38,200,000  12,300,000  27,800,000  
Net value of products (Rs/hh) 51,000  51,000  44,200  

1 See table x for food , fodder and fuel requirements. 
2 Value of milk and manure is same as that provided in table x, as the number of total livestock in the 
village are kept constant. 
3 Food production and balance is reported in the following format: tonnes of cereals, tonnes of pulses 
and tonnes of nuts and oilseeds. 

 

Fuel generation potential under maximum fuel production 

 The fuel generation potential is in the order of 37, 300 GJ/ yr (derived from ~2,000 t dry 

biomass) for Inamhongal and 15,200 GJ/ yr (from ~1000 t dry biomass) for Shivalli under the 

maximum fuel production scenario. The fuel increase compared to the base year and scenario M1 

is the result of increased maize residue generation within both Inamhongal and Shivalli. In 

addition, cotton sticks would also make up some 5,000 GJ of the fuel mix in Inamhongal. While 

fuel generation is nearly adequate to satisfy cooking needs for Inamhongal, within Shivalli about 

one half of fuel required for cooking must still be obtained through firewood. In Madapur, there is 

no noticeable increase in fuel residue generation under the maximum fuel generation scenario, 

given the constraints of land area and demands for fodder, therefore instigating households to 

have to rely on fuelwood. 
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 As a sensitivity test, if yield within Shivalli were to be increased for maize to equal two 

tonnes as is the case in Inamhongal, the potential for energy generation from fuel residues within 

Shivalli becomes 23,000 GJ, equivalent to approximately 1,300 t of dry biomass, made up of 

maize stover, cotton and chilli sticks.  

As another sensitivity test, if cropping intensity were increased within Madapur to 

resemble double-cropping, the maximum fuel generation potential would become 24,600 GJ for 

the village (~ 1,400 t), all sourced from surplus cereal residues.  

 Therefore, the model indicates that even under a situation whereby farmers cultivate for 

maximum generation of fuel residues, the productivity within the dryland region is too low to 

support food, fodder and, at the same time, village-wide fuel demand (except in Inamhongal). 

Thus, in addition to residues, alternate sources of energy must be introduced into the village, or 

efficiency of cooking stoves must be improved, if dependency on fuelwood and overharvest is to 

decrease. Alternate energy sources could be electricity-based cooking as well as LPG introduced 

on a wide scale. Fossil fuel-based electricity is, however, expensive and unreliable in all these 

villages and the issue of LPG access must be resolved, as currently it is not available in Madapur 

due to its remoteness from distribution centres. 

  

Fuel generation potential as compared to other studies 

 Singh and Marsh (1994) report on the maximum biomass energy production potential 

modeled as the objective function for a village of Islamnagar in Central India within Bhopal 

district. This is the only previous study found that assesses fuel optimization at the village level. 

Although base year data used were from 1980-1981, similar principles apply. After 
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standardizing32 for energy in line with the methods employed by Singh and Marsh, similar results 

are obtained here for the value of energy generated.  

Singh and Marsh (1994) found that optimal yield of energy per hectare for Islamnagar 

village is 33 GJ/ha, from the base year of 27 GJ/ha, versus that obtained in this study of 34 GJ/ha, 

as compared to the base year of 15 GJ/ha. In Islamnagar, sugarcane is also grown, and this makes 

up about 44% of the residue used as fuel energy in the optimal condition, whereas sugarcane is 

not grown in this study. Reported yield of sugarcane residue for fuel is 20 t/ha (Singh and Marsh, 

1994), which is well above that for any crops within this study. 

In their work, Kanniappan and Ramachandran (1998) also optimized for maximum plant 

residue production as a feedstock for electricity generation. In their study region, average rainfall 

is some two to three times greater than in Northern Karnataka, with irrigation being applied to 

60% of the area. Kanniappan and Ramachandra (1998) determined that in their base year, three 

tonnes of surplus33 residues per hectare were available for electricity generation, whereas the 

optimal residue generation was four tonnes per hectare. This is in comparison to this study for the 

dryland region, which suggests that for the base year, only 0.27 tonnes per hectare were available 

as a fuel in total, and 0.47 t/ha after optimization, with no surplus residue. There is therefore a 

eight-fold difference in the residue yield generation potential.  

 This many-fold difference can be accounted for by varying levels of productivity. 

Kanniappan’s and Ramachandra’s model suggests that the optimal cropping pattern within the 

district should consist of rice, jowar, groundnut, sugarcane and vegetables cultivated under 

irrigation, with other crops such as gram and cotton cultivated under rain-fed conditions. The  

                                                      
32 An adjustment was made to the present study results whereby energy from fodder residue and fuel 
residue is combined in order to make a comparison to the study by Singh and Marsh (1994).  
33 Surplus residues refers to those residues that remain after fodder and fuel for domestic cooking have been 
satisfied. 
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village-wide cropping pattern is diverse, much like the cropping pattern suggested in this study, 

however it is the crop varieties and high yields themselves that contribute to the larger biomass 

generation potential.  

The yields for the irrigated crops in the Nikkottai block region were 4.5 tonnes/ha for 

rice, 2.8 t/ha for jowar, 110 t/ha for sugarcane and 2.2 tonnes/ha for cotton. The yield of jowar 

alone is some three times greater, and cotton 2-2.5 times greater then that of the region under the 

present study. In addition, sugarcane has a residue generation ratio of 0.58, and in the Nikkottai 

block yields 60 t/ha. The greater yield of crops such as jowar can also produce more fodder, 5.5 

t/ha in comparison to the rain-fed yields within this study of approximately 1.6 t/ha, a three-fold 

difference. Therefore, in Nilakkottai block of Tamul Nadu state, a third of the land is required to 

produce the same quantity of fodder as is needed within this study; as a result, more land can be 

set aside for commercial and high-yielding biomass crops like sugarcane and cotton.  

Therefore, regions with greater water availability, having correspondingly higher yields 

and overall productivity, can generate residues many times greater than that of the dryland 

regions, and this will have a substantial impact on how the residues can be used, including the 

electricity generation potential.  

In the final section, Section 3.4, electricity generation is assessed under the fuel residue 

generation potentials determined in scenarios M1 and M2.  
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3.4 - Potential for decentralized electricity generation 

In the previous section (Section 3.3.2), the potential quantity of fuel residue generation as 

waste from agriculture has been identified and measured for each of the villages sampled. The 

model has calculated a ‘lower’ (M1) and ‘upper’ (M2) fuel residue estimate, which can be 

considered representative of a typical34 dryland village of Northern Karnataka state. The model 

has also effectively accounted for competing uses for land with regard to both primary and 

secondary products for household consumption and market export, including residues for fodder 

use. Using the model, it was therefore possible to determine the fuel residue production potential 

within a given region, an important application and a vital first step in determining the potential 

for conversion of biomass into cleaner forms of energy for household use. A particularly 

attractive possibility is the conversion of waste residues into electricity using small-scale thermal 

power plants. 

 It is estimated that some 125,000 villages (21 % of all villages) currently lack 

electrification in India (Sharma, 2007), with about 18,000 to 24,500 villages classified as too 

remote or inaccessible, for which electricity supply from the grid may not be possible in the near 

future (Ghosh et al., 2004; Nouni et al., 2007, 2008). Therefore, decentralized electricity 

production, defined as electricity-based production within the village that is not linked to a grid or 

to transmission or distribution networks, provides a plausible medium-term solution to the 

electricity accessibility issue (Sharma, 2007). The government of India has identified the goal of 

electrifying every village in India by 2012, giving priority to decentralized biomass-based power  

generating plants for villages too remote for extension of the conventional grid lines (Ghosh et  

al., 2004). Furthermore, where villages are presently connected to the grid, the current supply of  

electricity is sporadic and in many regions not up to acceptable standards.  
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The advantages of decentralized electricity generation are numerous, including avoiding 

reliance on state utilities, which are not able to provide reliable supply or access, as previously 

mentioned. Other advantages include decreased reliance on fossil fuel-based electricity 

generation, decreased loss in transmission, which is currently estimated to be 40% on an Indian-

wide basis, and direct employment opportunities within the villages, the sites of equipment and 

operation (Sharma, 2007).  

 Several decentralized electricity generation systems based on biomass have been 

proposed (Ghosh et al., 2004; KMW, 2008; Nouni et al., 2007, 2008; Sharma et al., 2007). These 

systems vary in size and delivery potential. In some cases they are complex and require frequent 

maintenance, in others they are simple enough to be easily operated by the village. In many 

proposed designs, the electricity generation process consists of feeding biomass into a 

combustion chamber, which then combusts the biomass, producing hot flue gases that heat steam 

connected to a generator for electricity generation (KMW, 2008). Using the industry-wide 

thermal-conversion efficiency of 30%, the electricity generation potential from the calculated 

biomass availability for each village is presented in Table 25. 

Table 25. Electricity generation potential based on the fuel residue production estimates. 

  Inamhongal Madapur Shivalli 
No. of households 750 243 628 

Fuel availability (t/village) 
Lower estimate (M1)   564 175 463 
Upper estimate (M2)   2329 177 949 

Electricity generation potential (kWh/hh/day)1 
Lower estimate   2.75 2.63 2.69 
Upper estimate   11.35 2.66 5.44 
 

1 Determined by the following calculation; [available dry tonnes x 
GJ energy content per tonne (16 GJ(thermal)/t dry) x thermal 
efficiency of conversion (0.30 GJ (electricity)/GJ (thermal)) x 
energy constant (1000 MJ/GJ) x electricity constant (3.6 
MJ/kWh)] / 365 days / # of households. 

                                                                                                                                                              
34 Typical in the sense that similar crops and productivity (yield) is observed. 
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According to the calculations, the electricity generation potential among the villages 

varies from a low 2.6 kWh/hh/day to a high of 11.35 kWh/hh/day in the case of Inamhongal. 

Electricity consumption has been estimated for electrified areas, with use varying from 0.33 

kWh/hh/day for landless households to 0.84 kWh/hh/day in larger landholdings for lighting 

purposes (Ramachandra et al., 2000b). If one were to take this reported electrical consumption, 

biomass-based electricity generation can potentially supply well above the required electricity 

used for lighting. In addition to lighting, the surplus electricity can most likely be used for 

operating pumps and for cooking, potentially supplementing the need for any biomass use in 

direct combustion.  

While it has yet to be determined through a pilot study the implication of using biomass 

for electricity generation in a semi-arid region and the potential obstacles, as a first step, the 

present study has demonstrated how an optimization model can be used in the semi-arid region to 

determine a potential for electricity based biomass generation. 
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Chapter 4 
Conclusions 

 

The present study seeks to develop a model that integrates production of food, fodder and 

fuel into an optimal cropping pattern within the dryland regions of rural India. The model takes 

into account specified demands and constraints and is based on field data collected in Northern 

Karnataka in October and November of 2007. The research demonstrates how village-wide food, 

fodder and partial fuel demand can be secured while ensuring a measure of diversity in the 

cropping pattern. 

 While the model has several advantages as outlined previously, including versatility and 

its wide applicability to regions of Northern Karnataka, there are also limitations to the present 

study. 

4.1.1 - Survey limitations 

The survey limitations can be subdivided into potential respondent error, interpreter error 

and observer influence. Given that data were gathered through a survey, recall error could have 

played a role in farmers being unable to accurately retrieve information for the past two seasons 

of cultivation. In addition, some of the farmers could have over- or under- reported production. 

Error could have also occurred through the interpretation and translation process. Interpreters 

may have been tempted to fill in some of the answers through being familiar with the data from 

previous participants. Additionally, it is possible that there were variations in translation and 

reporting given that ten different interpreters recorded the data. The presence of foreigners in the 

villages could have also influenced the data provided, as some farmers may have felt obligated to 

respond to the survey in particular ways. 
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To validate the model and improve its ability to predict realistic situations, it would be 

necessary to replicate the results in other villages in the dryland region, in addition it is necessary 

to asses changes in the various parameters of the model such as crop areas and yields over a full 

cropping cycle of a village, thus reducing if not eliminating recall error.  

4.1.2 - Model limitations  

Every model is subject to a number of limitations. First and most important, the model 

presented here is based on a number of assumptions. These assumptions include behavioral 

assumptions of farmers, for instance that they will leave 30% residue in the field, or that they will 

use the residues in the manner that we suggest in the study. The study also assumes that there is 

no crop failure or shift in cropping cycle, when in fact some farmers did report failure of crops. In 

addition, a detailed sensitivity analysis was not carried out, but clearly, factors such as yield and 

market value will have a major effect in determining the optimum cropping pattern. Particularly 

relevant in the present situation of increasing world grain prices is the latter factor. Appendix E 

shows a modified cropping pattern for one village, Shivalli, when the value of wheat is doubled 

over the value obtained at the time of data collection. In that case, a much larger area of wheat 

cultivation is recommended. For this reason, the model is designed such that it can be quickly re-

adjusted and re-calculated under changing conditions by using new prices or modified values for 

yield. 

Finally, while the model presented suggests certain changes in cropping pattern, it needs 

to be verified to what extent such proposed changes are practical, given numerous factors that 

were not assessed during the study, such as socio-economic and cultural constraints (McIntyre et 

al., 2001). Promoting a change in cropping pattern for instance will depend on the farmer’s 

perception of risk, availability of material and physical inputs (McIntyre et al., 2001) and these 

need to be further examined in line with the results provided. It is also important to stress that the 
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results of the model may need to be further modified and confirmed through discussions with the 

local communities before they are applied as suggested.  

4.2 - Summary of results and conclusions  

 Several conclusions can be drawn from the field and from the outputs of the optimization 

model. 

 

- Rural agriculture is highly integrative. Primary products such as grain are consumed by 

the household and sold to the market to generate income while secondary products such 

as residues, are used as livestock fodder, as fuel and as a soil amendment. Products from 

the livestock cycle are also utilized, whereby manure can serve as a fuel or fertilizer, and 

where milk is consumed by the household and or sold.  

 

- In the rainfed area where this project took place, the villages that were studied can be 

self-sufficient in terms of food and fodder production; however, due to the constraints of 

land area and low yield in the dryland region, fuel demand cannot be entirely satisfied 

through agricultural waste production from either the current or optimal cropping pattern. 

Therefore, additional fuel must be gathered from trees and shrubs on common land.  

 

- The co-production of food and fodder under dual purpose crops is the most desirable 

cropping system for the small landholdings of the regions, in terms of self-sufficiency. 

However smaller farmers are often choosing not to grow dual-purpose grain-fodder 

crops. This choice seems to be driven primarily by the revenue generated by commercial 

and oilseed crops, suggesting that within smaller cropping systems, such as Madapur, 

agriculture is primarily export driven.  
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- On an individual household level, the minimum land area required to satisfy the 

nutritional demands for food energy and protein is 0.77 ha, while satisfying fodder 

requirements for one cow (or buffalo) raises the requirement to 0.87 ha/hh. If an adequate 

supply of fuel was to be produced through agricultural waste products, the minimum land 

area required increases to 1.64 ha per household. Then, on a village-wide level, 35-45 % 

of available cultivable land area between the kharif and rabi seasons should be set aside 

for cereal and pulse production for village wide consumption. To take into account fodder 

production (for one livestock per household) in addition to food, the area under cereal-

based fodder crops should on average be increased by an additional 10-15%.  

 

- In the optimization scenarios, the model stipulates that in order to produce adequate food 

and fodder for an entire village, a 50 % and 90 % diversion in the current cropping 

pattern within Shivalli and Madapur, respectively, would be needed. Such a shift would 

come from oilseed and commercial crops being shifted to cereal and pulse crops.  

 

- The optimal solutions modeled suggest that enough fuel residue can be generated to 

provide between 3 and 11 kWh of electricity/hh/day, in the later case well above the 1 

kWh/hh/day of electricity that is presently used for lighting in rural regions.  

4.3 – Applicability of the optimization model 

This study has shown that regions especially vulnerable to human and livestock nutrient 

deficiency are those where cultivation is limited to one season, and where yields are generally 

low. The need exists therefore, for provision of infrastructure and inputs in order to improve 

productivity of dryland areas. 

The proposed optimization model and respective results obtained can be used by village 

extension workers to generate general policies and for dissemination to individual farmers in 
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allocating resources in an optimal manner (Babu et al., 1993). The Karnataka Department of 

Agriculture, already has programs through which information can be transferred to the farmers. 

The Agricultural Extension Division is responsible for the assessment and refinement as well as 

demonstration and dissemination of information to farmers. The University of Agricultural 

Sciences (Dharwad) is a partner in these activities. Through the extension network, additional 

development and training of government extension personnel at the district levels, will be 

necessary in order to adopt changes proposed in this study, which must then be disseminated to 

the farmers (McIntyre et al., 2001). 

In addition, the model could also be used to analyze policy-related implications with 

regard to rural agriculture-energy systems, including pricing policies for fuels, feed and fertilizer 

(Parikh, 1985).  

If sustainable development is to be achieved in India’s rural communities, adequate food 

but also adequate access to clean energy must be established, while ensuring that households of 

all income groups are provided equal access to these resources. As demonstrated in this study, 

adequate levels of food and fodder can be generated on available cultivable land to feed all people 

and for the most part all livestock in this region. Policy initiatives should be put in place to set up 

programs to further encourage information sharing (McIntyre et al., 2001), and promote 

appropriate agricultural practices in attaining adequate and secure supplies of food, fodder and 

clean energy. Further, policy changes may be necessary in encouraging a transition towards more 

food based production. Such transitions can be supported by government programs through 

additional support for smaller farmers in the form of training and or increased subsidies for 

necessary inputs such as seeds (McIntyre et al., 2001). Results and recommendations, with the 

accompanying model presented in this study can be used at the village, block or district level for 

further simulation and planning. 



 

  95 

References 
 

Agoramoorthy G. 2008. Can India meet the increasing food demand by 2020? Futures 40: 503-
506. 

 

Ailawadi V.S., S.C. Bhattacharyya. 2005. Access to energy services by the poor in India: Current 
situation and need to alternative strategies. Natural Resources Forum 30:2-14. 

 

Akella A.K., M.P. Sharma, and R.P. Saini. 2007. Optimum utilization of renewable energy 
sources in a remote area. Renewable and Sustainable Energy Reviews 11: 894-908. 

 

Alam M.S., A.M.Z. Huo, and B.K. Bala. 1990. An integrated rural energy model for a village in 
Bangladesh. Energy 15:131-139. 

 

Andrews, S.S. 2006. Crop residue removal for biomass energy production: Effects on soils and 
recommendations. USA: USDA-National Resource Paper Conservation Service. Retrieved 
March, 2008, from 
http://soils.usda.gov/sqi/management/files/AgForum_Residue_White_Paper.pdf. 

 

Anisha G.S., P. Prema. 2008. Reduction of non-digestible oligosaccharides in horsegram and 
greengram flours using crude -galactosidase from Streptomyces griseoloalbus. Food 
Chemistry 106: 1175-1179. 

 

Babu S.C., S. Thirumaran, and T.C. Mohanam. 1993. Agricultural productivity, seasonality and 
gender bias in rural nutrition: Empirical evidence from South India. Social Science and 
Medicine 37: 1313-1319. 

 
Bala B.K. 1997. Computer modeling of the rural energy system and if CO2 emissions for 

Bangladesh. Energy 22:999-1003.  
 

Balappa, S. 2000. Economic performance of production, marketing and export of vegetables in 
North Karnataka. Doctor of Philosophy, University of Agricultural Sciences, Dharwad, 
India. 

 
Baruah D.C., G.C. Bora. 2008. Energy demand forecast for mechanized agriculture in rural India. 

Energy Policy: in press. 
 
BBC (British Broadcasting Corporation). 2008. India raises rice export prices. Retrieved April, 

2008, from http://news.bbc.co.uk/2/hi/south_asia/7283862.stm. 
 
Bhagavan M.R., S. Giriappa. 1995. Biomass, energy and economic and natural resource 

differentiation in rural southern India. Biomass and Bioenergy 8: 181-190. 
 

http://soils.usda.gov/sqi/management/files/AgForum_Residue_White_Paper.pdf
http://news.bbc.co.uk/2/hi/south_asia/7283862.stm


 

  96 

Blummel M., E. Zerbini, B.V.S. Reddy, C.T. Hash, F. Bidinger, and A.A. Khan. 2003. Improving 
the production and utilization of jowar and pearl millet as livestock feed: progress towards 
dual-purpose genotypes. Field Crops Research 84: 143-158. 

 

Bogale, S. 2002. An economic analysis of cropping systems in Bidar district of Karnataka. 
Master of Science in Agricultural Economics, University of Agricultural Sciences, 
Dharwad, India. 

 
Bouma, J., Scott, C. 2006. The possibilities for dryland crop yield improvement in India’s 

semiarid regions: Observations from the field. No. 3. India: International Water 
Management Institute. ISBN 92-9090-629- 4. Retrieved February, 2008, from 
http://www.iwmi.cgiar.org/Assessment/files_new/publications/Discussion%20Paper/CADi
scussionPaper3.pdf. 

 

Bradford G.E. 1999. Contributions of animal agriculture to meeting global human food demand. 
Livestock Production Science 59: 95-112.  

 

Coates W. 2000. Using cotton plant residue to produce briquettes. Biomass and Bioenergy 
18:201-208. 

 
DDU (Data Dissemination Unit). 2001. Statistics from the 2001 national census. India: 

Directorate of Census Operations. 
 
de Juan J.A., J.M. Tarjuelo, M. Valiente, and P. Garcia. 1996. Model for optimal cropping 

patterns within the farm based on crop water production functions and irrigation uniformity 
I: Development of a decision model. Agricultural Water Management 31: 115-143. 

 
Devendra C., D. Thomas. 2007. Crop-animal interactions in mixed farming systems in Asia. 

Agricultural Systems 71: 27-40. 
 

DOAC (Department of Agriculture and Cooperation). 2001. Agricultural census database. 
Retrieved May, 2008, from http://agcensus.nic.in/cendata/databasehome.aspx (under state 
tables). 

 
DOAC (Department of Agriculture and Cooperation). 2007. Agricultural Statistics at a Glance, 

2006-07. Ministry of Agriculture, Government of India, India. Retrieved May, 2008, from 
http://agricoop.nic.in/Agristatistics.htm.  

 
Ferrett, G. 2007. Biofuels ‘crime against humanity’. Retrieved April, 2008, from 

http://news.bbc.co.uk/2/hi/americas/7065061.stm. 
 
Gerben-Leenes W., S. Nonhebel. 2005. Food and land use. The influence of consumption patterns 

on the use of agricultural resources. Appetite 45: 24-31.  
 

http://news.bbc.co.uk/2/hi/americas/7065061.stm


 

  97 

Gerbens-Leenes P.W., S. Nonhebel. 2002. Analysis: Consumption patterns and their effects on 
land required for food. Ecological Economics 42: 185-199. 

 
Gerbens-Leenes P.W., S. Nonhebel, and W.P.M. Ivens. 2002. A method to determine land 

requirements relating to food consumption patterns. Agriculture, Ecosystems and 
Environment 90: 47-58. 

 
Ghosh S., T.K. Das, and T. Jash. 2004. Sustainability of decentralized woodfuel-based power 

plant: an experience in India. Energy 29: 155-166.  
 

GOK (Government of Karnataka) Forest Department. 2005. Maps- Districts of Karnataka. 
Retrieved May, 2008, from http://www.mysterytrails.com/DistrictsOfKarnataka_Map.htm. 

 

Gopalan C., Sastri B.V.R., and S.C. Balasubramanian. 1996. Nutritive value of Indian foods (7th 
ed.). Hyderabad, India: National Institute of Nutrition. 

 
Haouari M., M.N. Azaiez. 2001. Optimal cropping patterns under water deficits. European 

Journal of Operational Research 130: 133-146. 
 
Hiremanth R.B., S. Shikha, and N.H. Ravindranath. 2007. Decentralized energy planning; 

modeling and application – a review. Renewable and Sustainable Energy Reviews 11: 729-
752. 

 

Hiremath, A.P. 1994. Production and marketing of dry chillies in Karnataka - An economic 
analysis. Master of Science in Agricultural Marketing and Co-operation, University of 
Agricultural Sciences, Dharwad, India. 

ICAR (Indian Council on Agricultural Research). 2008. DARE/ICAR annual report, 2007-2008. 
Retrieved May, 2008, from http://www.icar.org.in/anrep/200708/AR200708.htm. 

 

Ignaciuk A., F. Vohringer, A. Ruijs, and E.C. van Ierland. 2006. Competition between biomass 
and food production in the presence of energy policies: a partial equilibrium analysis. 
Energy Policy 34:1127-1138. 

 
Inamdar V., B.V. Chimmad, and R. Naik. 2005a. Nutrient composition of traditional festival 

foods of North Karnataka. Journal of Human Ecology 18: 43-48. 
 
Inamdar V., B.V. Chimmad, and R. Naik. 2005b. Nutrient composition of traditional festival 

foods of North Karnataka. Journal of Human Ecology 17: 233-236. 
 
Isabella A. 2004. Rationale of resource use through farm diversification. Agricultural Economics 

Research Review 17: ISSN 0971-3441. 
 
Jebaraj S., S. Iniyan. 2006. A review of energy models. Renewable and Sustainable Energy 

Reviews 10:281-311. 
 
Joshi B., T.S. Bhatti, and N.K. Bansal. 1992. Decentralized energy planning model for a typical 

village in India. Energy 17:869-876. 



 

  98 

 
Kadian P., S. Kaushik. 2003. Rural energy for sustainable development: Participatory 

Assessment of Energy Resources. Ned Delhi, India: Deep and Deep Publications Ltd. 
 

Kanagawa M., T. Nakata. 2007. Analysis of the energy access improvement and its socio-
economic impacts in rural areas of developing countries. Ecological Economics 62:319-
329. 

 

Kanniappan P., T. Ramachandran. 1998. Optimization model for energy generation from 
agricultural residue. International Journal of Energy Research 22:1121-1132.  

 
Kataki R., D. Konwer. 2002. Fuelwood characteristics of indigenous tree species of north-east 

India. Biomass and Bioenergy 22: 433-437. 
 

Kennedy, G., Nantel, G., & Shetty, P. (2006). Assessment of the double burden of malnutrition in 
six case study countries: Case studies from India. No. 84. Rome: Food and Agriculture 
organization of the United Nations. Retrieved March, 2008, from 
http://www.fao.org/docrep/009/a0442e/a0442e00.htm. 

 

Khalili H., E. Kuusela, M. Suvitie, and P. Huhtanen. 2002. Effect of protein and energy 
supplements on milk production in organic farming. Animal Feed Science and Technology 
98: 193-119. 

 

KMW Systems Inc. 2008. Biomass energy technology. Retrieved April, 2008, from 
http://www.kmwenergy.com/. 

 

Kolar, N. Production and price behaviour of maize in Karnataka- An economic analysis. Master 
of Science in Agricultural Economics, University of Agricultural Sciences, Dharwad, India. 

 

Korsaeth A. 2008. Relations between nitrogen leaching and food productivity in organic and 
conventional cropping systems in a long term field study. Agriculture, Ecosystems and 
Environment: in press. 

 

Kuniyal J.C. 2003. Regional imbalances and sustainable crop farming in the Uttaranchal 
Himalaya, India. Ecological Economics 46: 419-435.  

 

Kushwaha C.P., K.P. Singh. 2005. Crop productivity and soil fertility in a tropical dryland agro-
ecosystem: Impact of residue and tillage management. Experiment Agriculture 41:39-50. 

Kushwaha C.P., S.K. Tripathi, and K.P Singh. 2001. Soil organic matter and water-stable 
aggregates under different tillage and residue conditions in a tropical dryland 
agroecosystem. Applied Soil Ecology 16:229-241. 

 

 

http://www.kmwenergy.com/


 

  99 

LINDO Systems Inc. 2007. What’s Best Optimization Software, version 9.0. USA. 
 

Mahantesh, H. 2002. Economic and environmental issues related to use of agro-chemicals in 
cotton production in Belgaum district of Karnataka. Master of Science in Agricultural 
Economics, University of Agricultural Sciences, Dharwad, India. 

 

Mainuddin M., A.D. Gupta, and P.R. Onta. 1997. Optimal crop planning model for an existing 
groundwater irrigation project in Thailand. Agricultural Water Management 33: 43-62. 

 
Mandal A.B., S.S. Paul, G.P. Mandal, A. Kannan, and N.N. Pathak. 2005. Deriving nutrient 

requirements of growing Indian goats under tropical condition. Small Ruminant Research 
58: 201-217. 

 

McIntyre B.D., D.R. Bouldin, G.H. Urey, and F. Kizito. 2001. Modeling cropping strategies to 
improve human nutrition in Uganda. Agricultural Systems 67: 105-120. 

 
McKendry P. 2002. Energy production form biomass (part 1): overview of biomass. Bioresource 

Technology 83: 37-46. 
 
Nagothu U.S. 2001. Fuelwood and fodder extraction and deforestation: mainstream views in 

India discussed on the basis of data from the semi-arid region of Rajasthan. Geoform 32: 
319-332.  

 

Naik, R.S. 2003. Economic analysis of chilli based farming systems in Dharwad district. Master 
of Science in Agricultural Economics, University of Agricultural Sciences, Dharwad, India. 

 
Narayana N.S.S., B.P. Vani. 2000. Earnings and Consumption by Indian Rural Laborers: 

Analysis with an Extended Linear Expenditure System. Journal of Policy Modeling 22: 
255-273.  

 

Nedunchezhian P., M. Thirunavukkarasu. 2007. Optimising farm plans in different farming 
systems. Agricultural Economics Research Review 20: 147-156. 

 
NNMB (National Nutrition Monitoring Bureau). Diet and nutritional status of rural population. 

National Institute of Nutrition 2002. NNMB Technical Report No.21. 
 
Nonhebel S. 2005. Renewable energy and food supply: will there be enough land? Renewable 

and Sustainable Energy Reviews 9: 191-201. 
 
Nouni M.R., S.C. Mullick, and T.C. Kandpal. 2008. Providing electricity access to remote areas 

in India: An approach towards identifying potential areas for decentralized electricity 
supply. Renewable and Sustainable Energy Reviews 12: 1187-1220. 

 
Nouni M.R., S.C. Mullick, and T.C. Kandpal. 2007. Biomass gasifier projects for decentralized 

power supply in India: A financial evaluation. Energy Policy 35: 1373-1385.  



 

  100 

 
Pachauri S., D. Spreng. 2002. Direct and indirect energy requirements of households in India. 

Energy Policy 30: 511-523. 
 
Pachauri S. 2004. An analysis of cross-sectional variations in total household energy 

requirements in India using micro survey data. Energy Policy 32: 1723-1735. 
 
Painuly J.P., R. Hemlata, and J. Parikh. 1995. A rural energy-agriculture interaction model 

applied to Karnataka state. Energy 20:219-233.  
 
Parikh J.K., G. Kromer. 1985. Modeling energy and agriculture interactions- II: Food-fodder-

fuel-fertilizer relationships for biomass in Bangladesh. Energy 10: 805-817. 
 
Parikh J.K., R. Ramanathan. 1999. Linkages among energy, agriculture and environment in rural 

India. Energy Economics 21: 561-585. 
 
Parikh J.K. 1985. Modeling energy and agriculture interactions – I: A rural energy systems 

model. Energy 10: 793-804.  
 
Patil, S.G. 2008. Personal Communication. University of Agricultural Sciences, Dharwad, 

Karnataka, India. 
 
Patkar A. 1995. Socio-economic status and female literacy in India. International Journal of 

Educational Development 15: 401-409. 
 
Paul S., S.N. Panda, and D.N. Kumar. 2000. Optimal irrigation allocation: A multilevel approach. 

Journal of Irrigation and Drainage Engineering 126: 149-156.  
 
Paul S.S., A.B. Mandal, A. Kanna, G. Mandal, and N.N. Pathak. 2003a. Comparative dry matter 

intake and nutrient utilization efficiency in lactating cattle and buffaloes. Journal of the 
Science of Food and Agriculture 83: 258-267. 

 
Paul S.S., A.B. Mandal, G.P. Mandal, A. Kannan, and N.N. Pathak. 2003b. Deriving nutrient 

requirements of growing Indian sheep under tropical conditions using performance and 
intake data emanated from feeding trials conducted in different research institutes. Small 
Ruminant Research 50: 97-107.  

 
Paul S.S., A.B. Mandal, and N.N. Pathak. 2002. Feeding standards for lactating riverine buffaloes 

in tropical conditions. Journal of Dairy Research 69: 173-180.  
 
Pemsl D., H. Waibel, and J. Orphal. 2004. A methodology to assess the profitability of Bt-cotton: 

case study results from the state of Karnataka, India. Crop Protection 23: 1249-1257. 
 

Peters J., S. Thielmann. 2008. Promoting biofuels: Implications for developing countries. Energy 
Policy 36: 1538-1544. 

 



 

  101 

Put M., W. van Spengen. 1988. A comparative analysis of cereal production and consumption 
patterns in Semi-Arid India. Journal of Rural Studies 4: 377-388. 

 

Rais M., B. Pazderka, and G.W. vanLoon. 2008. Agriculture in Uttarakhand, India – Biodiversity, 
Nutrition and Livelihoods. Submitted to the Journal of Sustainable Agriculture: in 
submission.  

 
Raja R., C.E. Sooriamoorthi, P. Kanniappan, and T. Ramachandran. 1997. Energy planning and 

optimization model for rural development- A case of sustainable agriculture. International 
Journal of Energy Research 21:527-547. 

 

Rajur, B. 1999. Economics of crop and livestock enterprises under rainfed conditions of Gadag 
district. Master of Science in Agricultural Economics, University of Agricultural 
Sciences, Dharwad, India. 

 

Ramachandra T.V., G. Kamakshi, and B.V. Shruthi. 2004. Bioresource status in Karnataka. 
Renewable and Sustainable Energy Reviews 8:1-47. 

 
Ramachandra T.V., B.V. Shuthi. 2007. Spatial mapping of renewable energy potential. 

Renewable and Sustainable Energy Reviews 11:1460-1480. 
 
Ramachandra T.V., N.V. Joshi, and D.K. Subramanian. 2000. Present and prospective role of 

bioenergy in regional energy system. Renewable and Sustainable Energy Reviews 4: 375-
430. 

 
Ramachandra T.V., D.K. Subramanian, N.V. Joshi, S.V. Gunaga, and R.B. Harikantra. 2000b. 

Domestic energy consumption patterns in Uttara Kannada District, Karnataka State, India. 
Energy Conversion and Management 41: 775-831. 

 
Ramachandra T.V. 2008. RIEP: Regional integrated energy plan. Renewable and Sustainable 

Energy Reviews: in press.  
 
Rao A.R., D.S. Nehra, D.P Singh, and M.S. Kairon. 1992. Energetics of Cotton agronomy. 

Energy 17: 493-497. 
 
Rao P.P., A.J. Hall. 2003. Importance of crop residues in crop-livestock systems in India and 

farmers’ perceptions of fodder quality in coarse cereals. Field Crops Research 84: 189-
198. 

 
Ravindranath M., K. Venkaiah, R.M. Vishnuvardhana, N. Arlappa, S.G. Reddy, K.M. Rao, S. 

Kumar, G.N.V. Brahmam, and K. Vijayaraghavan. 2005a. Effect of drought on nutritional 
status of rural community in Karnataka. Journal of Human Ecology 18:245-252. 

 
Ravindranath N.H., H.I. Somashekar, M.S. Nagaraja, P. Sudha, G. Sangeetha, S.C. Bhattacharya, 

and P.A. Salam. 2005b. Assessment of sustainable non-plantation biomass resource 
potential for energy in India. Biomass and Bioenergy 29:1780190. 

 



 

  102 

Reddy M.J., D.N. Kumar. 2007. Optimal reservoir operation for irrigation of multiple crops using 
elitist-mutated particle swarm optimization. Hydrological Sciences 54: 686-701. 

 
Sethi L.N., D.N. Kumar, S.N. Panda, and B.C. Mal. 2002. Optimal crop planning and conjuctive 

use of water resources in a coastal river basin. Water Resource Management 16: 145-169. 
 
Sethi L.N., S.N. Panda, and M.K. Nayak. 2006. Optimal crop planning and water resources 

allocation in a coastal groundwater basin, Orissa, India. Agricultural Water Management 
83: 209-220. 

 
Sharma D.C. 2007. Transforming rural lives through decentralized green power. Futures 39: 582-

596. 
 
Shetty P.S. 2002. Nutrition transition in India. Public Health Nutrition 5: 175-182. 
 
Shiva V. 2004. The future of food: countering globalization and recolonisation of Indian 

agriculture. Futures 36: 715-732. 
 
Singh D.K., C.S. Jaiwal, K.S. Reddy, R.M. Singh, and D.M. Bhandarkar. 2001. Optimal cropping 

pattern in a canal command area. Agricultural Water Management 50: 1-8. 
 
Singh H., A.K. Singh, H.L. Singh, H.L. Kushwaha, and A. Singh. 2007a. Energy consumption 

pattern of wheat production in India. Energy 32: 1848-1854.  
 
Singh S.P., B. Gangwar, and M.P. Singh. 2007b. Farming systems diversification: a study on 

marginal holders in western Uttar Pradesh. Agricultural Economics Research Review 20: 
ISSN 0971-3441. 

 

Singh H., K.P. Singh. 1993. Effect of residue placement and chemical fertilizer on soil microbial 
biomass under tropical dryland cultivation. Biology and Fertility of Soils 16:275-281.  

 

Singh H. 1995. Nitrogen mineralization, microbial biomass and crop yield as affected by wheat 
residue placement and fertilizer in a semi-arid tropical soil with minimum tillage. Journal 
of Applied Ecology 32:588-595.  

 

Singh S., L.S. Marsh. 1994. Optimization of biomass energy production in a village. Biomass and 
Bioenergy 6: 287-295. 

 

Singh S., I.P. Singh, S. Singh, and C.J.S. Pannu. 1996. Energy planning of a Punjab village using 
multiple objectives compromise programming. Energy Conservation Management 37:329-
342.  

 
Sinha C.S., S. Sinha, and V. Joshi. 1998. Energy use in the rural areas of India: Setting up a rural 

energy data base. Biomass and Bioenergy 14: 489-503. 
 



 

  103 

Sinha R., D.E. Anderson, S.S. McDonald, and P. Greenwald. 2003. Cancer risk and diet in India. 
Journal of Postgraduate Medicine 49:222-228. 

 
Suganthi L., A. Williams. 2000. Renewable energy in India – a modeling study for 2020-2021. 

Energy Policy 28: 1095-1109. 
 
Sundaram A., R. Venneman. 2008. Gender Differentials in Literacy in India: The Intriguing 

Relationship with Women’s Labor Force Participation. World Development 36: 128-143. 
 
Suryanarayana M.H. 1997. Food security in India: Measures, norms and issues. Development and 

Change 28: 771-789. 
 
Tarjuelo J.M., J.A. de Juan, M. Valiente, and P. Garcia. 1996. Model for optimal cropping 

patterns within the farm based on crop water production functions and irrigation 
uniformity II: A case study of irrigation scheduling in Albacete, Spain. Agricultural Water 
Management 31: 145-163. 

 

Thornton P.K., P.M. Kristjanson, and P.J. Thorne. 2003. Measuring the potential impacts of 
improved food-feed crops: methods for ex ante assessment. Field Crops Research 84: 
199-212. 

 
UAS (University of Agricultural Sciences). 1985. Package of Practices for high yields. Dharwad, 

India: University of Agricultural Sciences. 
 
UNU (The United Nations University). 1990. Food and Energy - Strategies for Sustainable 

Development. Japan: The United Nations University Press. ISBN 92-808-0757-9. 
 

USDA (United States Department of Agriculture). 2007. Sustainable agriculture: definitions and 
terms. Retrieved June, 2007, from 
http://www.nal.usda.gov/afsic/pubs/terms/srb9902.shtml. 

 

USDA (United States Department of Agriculture) and USDE (United States Department of 
Energy). 2005. Biomass as feedstock for a bioenergy and bioproducts industry: The 
technical feasibility of a billion-ton annual supply. Retrieved January, 2008, from 
http://fedstockreview.ornl.gov/pdf/billion_ton_vision.pdf. 

 

vanLoon, G. 2008. Personal communication. Queen’s University, Kingston, Canada.  
 
Viswanathan B., K.S.K. Kumar. 2005. Cooking fuel use patterns in India: 1983-2000. Energy 

Policy 33:1021-1036. 
 

Wallace J.S. 2000. Increasing agricultural water use efficiency to meet future food production. 
Agriculture, Ecosystems and Environment 82: 105-119. 

 

http://www.nal.usda.gov/afsic/pubs/terms/srb9902.shtml
http://fedstockreview.ornl.gov/pdf/billion_ton_vision.pdf


 

  104 

Wayne C. 2000. Using cotton plant residue to produce briquettes. Biomass and Bioenergy 
18:201-208. 

 

Wenk C. 2004. Implications of dietary fat for nutrition and energy balance. Physiology and 
Behavior 83: 565-571. 

 

Zhen F. 1993. A model of the energy-supply and demand system at the village level. Energy 18: 
365-369.  



 

  105 

Appendix A 
Food groups and principal crops 

The following appendix provides a detailed overview of the principal crops cultivated in 

the state of Karnataka (obtained from UAS, 1985). 

 

A.1 - Cereals and millets 

 

i) Hybrid and local jowar (sorghum) 

 Hybrid and traditional jowar are cropped in the northern region of Karnataka, with 

various varieties available to farmers, from certified seeds, to traditional seeds. Jowar is one of 

the most important food crops in Karnataka. Within the Belgaum and Dharwad districts, hybrid 

jowar is primarily grown as a rainfed rabi crop. However, in the aforementioned transitional 

districts, hybrid Jowar can also be grown as a rainfed crop in the kharif season. Traditional jowar 

is also grown, and regions that grow local jowar, including Dharwad and Belgaum, use the local 

improved varieties of jowar. Assured rainfall during the cropping seasons is necessary for jowar 

production in rainfed conditions.  

  

ii) Hybrid maize  

 Maize is grown predominantly in a few districts, one being Belgaum district (Inamhongal 

village). Maize can be irrigated, or rainfed. Hybrid maize can also be grown in rainfed conditions. 

A number of varieties are present for both rainfed and irrigated production. The relative yield of 

maize is high in comparison to other crops.  

 

iii) Wheat 

 Wheat has been identified as an important grain crop in the northern regions of 

Karnataka. Mexican varieties have also become popular, aside from the traditional varieties that 

are available to farmers. Under rainfed conditions, yield is approximately 3 times lower then 

when irrigated.  

 

 

 



 

  106 

iv) Ragi and Bajra 

 Ragi is an important millet based rainfed crop of Southern Karnataka, cultivated 

predominantly during the kharif season. High yields have been obtained through irrigation. 

 Bajra is another important millet based food crop that is cultivated primarily in low 

rainfall areas of the state, and can be grown as either rainfed or irrigated.  

 

A.2 – Pulses and legumes 

 

i) Bengalgram 

 Bengalgram is one of the most important pulses crops that is grown within Karnataka 

state. Bengalgram is predominantly grown in black soils of the northern districts (UAS, 1985). 

Bengalgram is a rabi based crop.  

 

ii) Greengram 

 Greengram is another important pulse crop of the state. Greengram can be sown during 

the kharif season or during the zaid if irrigated. Yield of greengram is relatively low as compared 

to other crops, with yield expected under rainfed farming to be around 0.5-0.75 t/ha.  

 The other important pulses include blackgram and redgram.  

 

A.3 – Nuts and oilseeds 

 

i) Groundnut 

 Groundnut is an important oilseed crop in Karnataka, and is grown primarily under 

rainfed agriculture in different regions of the state. As with other crops, high yields can be 

obtained only through irrigation. Groundnut can be sown in the kharif or rabi season. All 

varieties for irrigation can also be grown in rainfed conditions. Bunch and spreading varieties of 

groundnut are available to farmers.  

 

ii) Safflower and sunflower 

 Safflower and sunflower are important oilseed crops of Karnataka state, growing well 

under irrigation and fertilizer application. Safflower is grown predominantly as a rainfed crop in 

the district Dharwad. 
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 Sunflower can be grown throughout the year and can tolerate drought conditions, and 

hence can be grown in marginal conditions. The oil produced is of high quality and is edible for 

human consumption, and is also used for industrial purposes.  

 

A.4 – Commercial crops 

 

i) Cotton 

 Cotton is an important fibre crop within Karnataka state. Rainfed cotton growth is 

particularly important and prevalent in the northern districts of the state. Various varieties are 

available, allowing sowing to occur during different periods. Generally cotton is a two season 

crop, planted before the kharif and grown throughout the kharif and rabi seasons, taking between 

150-210 days to mature. In some cases it is also planted at the beginning of the rabi season into 

the summer. Hybrid cotton is also cultivated usually under irrigation, having the advantage of 

higher yield and quality as compared to local varieties.  

 

ii) Chilli 

 Chilli is an important spice crop of the state, cultivated both under rainfed and irrigated 

conditions. Chilli is best suited for well drained red loamy soils. There are a number of local 

varieties that are suited to the study regions. For instance, for Dharwad, variety Byadgi is suitable 

for the soils and for the rainfed conditions. The fruits obtain a deep red colour upon maturity, in 

comparison the Sankeshwar variety, suitable for the Belgaum district, which has features of 

leaves and fruits being green. The green chilli plant starts to yield chillies after 45-50 days after 

being planted, with harvesting of the dry fruit occurring 70-80 days after sowing. 

 

iii) Onion 

 Onion is yet another important commercial crop grown in Northern Karnataka. Onion has 

the characteristics of high yield, and fluctuating value. 
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Table A.1.1. Table A1 presents the major crop groups modeled in this study. This study models a 
basic diet defined by cereal, pulse, nut and oilseed and milk consumption to satisfy food energy 
and protein requirements. 
  

Food group system Main nutrients  
 

Cereal grains and products   

Rice, wheat, red millet, little 
millet, maize, jowar, barley, 
riceflakes, wheat flour 

Energy, protein 
Low fat 
Vitamin B1, vitamin B2 
Folic acid, iron 

Pulses and legumes   

Chickpea, black lenil, bean, 
mung, pigeonpea, soyabean 

Energy, protein 
Fat, Calcium, Vitamin B1 and B2 
Folic acid, iron 

Milk and meat products   
Milk   
Milk, curd, cheese Protein, fat, Vitamin B2, calcium 
Meat    
Chicken, liver, fish, egg Protein, fat, Vitamin B2 
Fruits and vegetables   
Fruits   
Mango, guava, papaya, orange, 
watermelon 

Carotenoids, Vitamin C 
Fibe 

Vegetables (green leafy)   
Amaranth, spinach, drumstick 
leaves, mustard 

  
  

Other vegetables   
Carrots, brinjal, beans, onion, 
caulifloer, drumstick, laidies 
fingers 

Low fat, carotenoids, Vitamin B2 
Folic acid, Calcium, Iron 
Fibre 

Fats and sugars   
Fats   
Butter, ghee, cooking oils-
groundnut, mustard, coconut 

Energy, fat, essential fatty acids 
  

Sugars   
Sugar, jaggery Energy 

 

Source; Gopalan et al., 1996. 
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Appendix B 
Methodology details 

B.1 – Criteria and reasoning for discarding surveys 

 

A total of 14 surveys were discarded out of a total of 266 taken. The discard rate was less 

then 6 % of the total sampled households, and a survey was discarded based on two criteria:  
 

1) if the survey was incomplete, where data on fuel sources and energy consumption was missed  
 

2) if the reported data was unrealistic, for instance when the energy use reported by households 

was above 45GJ/capita within a household, whereas the average or mean was around 8-12 

GJ/capita. A small proportion of these households were also discarded when farmers reported the 

purchase of fuelwood to be above their entire annual income 

 

B.2 – Standard row proportions for intercropped and mixed crops 
  

Along with the most common reported cropping type, mono-cropping, farmers in all 

villages sampled also reported crops grown as mixedcrops and intercrops. In order to determine 

the yield of crops, the area of crops within these more complex cropping patterns had to be 

determined. Standard row proportions of crops were used to determine inter-cropping areas and 

mixed-cropping areas based on secondary field data as shown in Table B.2.1. 
 

Table B.2.1- Standard row proportions and associated areas for crops under various inter-
cropping and mixed-cropping patterns (UAS records, 2007) 
 

Inter-cropping pattern Main crop   
(% of acre) 

Intercrop 1   
(% of acre) 

Intercrop 2 
(% of acre) 

Jowar (m) and redgram 66% 33%  
Jowar (m), redgram and horsegram 66% 25% 8% 
Chilli and cotton 50% 50%  
Jowar (m) and redgram 66% 33%  
Chilli (m), cotton and onion 50% 30% 20% 
Jowar (m) and safflower 66% 33%  

Mixed-cropping Main crop   
(% of acre) 

Mixed crop 1 
(% of acre)  

Cotton and chilli 50% 50%  
Jowar and groundnut 50% 50%  

 

        Note: m stands for main crop 
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Example calculation; When a farmer reports inter-cropping of jowar and redgram on 1 hectare, 

using standard row proportion area percentiles of 66% and 33% respectively (Table B.2.1), it can 

be determined that jowar takes up 0.66 ha, and pigeonpea 0.33 ha. Knowing the area and 

production, yield can be calculated. 
 

B.3 – Standardizing varying units of reported produce to tonnes 

Standard conversion factors for bags to kg were used to convert reported yields of grains 

and commercial produce (ie. cotton) from standard bags to tonnes (Table B.3.1).  
 

Table B.3.1. Standard conversion factors for grain and commercial produce from bags to kg 
(UAS records, 2007). 

Crop Conversion 
factor (kg/bag) 

Cotton 187 
Jowar 

102 Maize 
Wheat 

Redgram 
Sesame 

106 Ragi 
Bajra 
Beans 97 

Safflower 76 
Sunflower 66 

Onion 53 
Groundnut 38 
Chilli (dry) 28 

Tomato 15 
 

Example calculation; When a farmer reported producing 2 bags of jowar during the rabi season, 

using a standard conversion of 102 kg/bag of jowar (Table B.3.1), it can be determined that the 

farmer produced 204 kg, or 0.2 t of jowar. 

 

B.4- Secondary data 
 

The following secondary data was obtained from the perspective government offices:  
 

- Household land holdings– Village Accountants’ offices for the respective villages 

- Village wide demography and occupational data- Data Dissemination Unit (DDU, 2001), 

Directorate of Census Operations, Karnataka.  
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- Village wide livestock data – Taluk veterinary department and revenue department 

(Tahsildar’s Office, Taluk headquarters) 

- Precipitation and land use data (ie. cultivated area, forest etc.): Karnataka Government 

Bureau of Economics and Statistics, Village Panchet and Tahsildar’s office (Revenue 

Department) at respective Taluk headquarters. 

- District wide data: District at a glance, District Statistical Offices, Government of 

Karnataka.  
 

B.5 – Calculating landholding nutrient demand 
 

The nutrient demand within each landholding (and for households and villages) was 

calculated based on the following 2 step system: 
 

Step 1- all individuals within the households surveyed were grouped and categorized under 

India’s National Nutrition Monitoring Bureau’s (NNMB) consumptive unit categorization system 

(see Table B.5.1). Once categorized, the cu units were multiplied by the number of individuals 

falling within each of the respective consumptive categories. It was determined that the majority 

of males and females (~75%) were involved in on farm labour of some kind, with the rest of the 

sampled adults being sedentary (incapacitated or household only) and heavy (factory, outside 

work), hence moderate work was chosen for consumptive units for adult males and females. 
 

Step 2- To determine the recommended energy and protein requirements, the cu of the 

landholding was multiplied by the recommended daily intake for energy (2425 kcal/cu/day) and 

protein (60 g/cu/day) as identified by the NNMB.  

 

Table B.5.1. Standard consumptive units used in calculating the nutritional requirements of 
households (Gopalan et al., 1996).  
 

Group Cu-units 
Adult male (moderate w) 1.2 
Adult female (mod w) 0.9 
Adolescents (12-21 yrs) 1.0 
Children (9 to 12 yrs) 0.8 
Children (7 to 9 yrs) 0.7 
Children (5 to 7 yrs) 0.6 
Children (3 to 5 yrs) 0.5 
Children (1 to 3 yrs) 0.4 
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Example calculation; Consider the population demography of marginal households in 

Inamhongal. The 16 marginal households sampled consist of 30 adult males and 26 adult females, 

11 adolescents, 6 children (6-12 yrs), 2 children (5-7 yrs), 1 child (3-5 yrs) and 1 infant (1-3 yrs). 

 

Step 1 - The landholding would have an equivalent adult cu of (30x1.2 + 26x0.9 + 11x1 + 6x0.7 + 

2x0.6 + 1x0.5+1x0.4) = 76.7. 

 

Step 2- The daily energy requirement of the landholding would therefore equal 76.7 x 2,425 = 

185,996 kcal/lh/day, and protein requirement of 76.7 x 60 = 4,602 g/lh/day. 

 

B.6 – Determining food energy and protein composition of sampled crops 

 

The energy and protein composition of foodstuffs is presented in Table B.6.1 and is used 

to calculate the nutrient composition of foods consumed by the household.  

 

Table B.6.1. The energy and protein composition of sampled crops used to compute the 
consumption of nutrients (Gopalan et al., 1996). 

 

      Per 100 gm edible portion 
  Indian name Common name Energy (kcal) Protein (g) 
  Bajra Little millet 361 11.6 

Cereals and 
millets 

Jowar Jowar 349 10.4 
Maize Maize 342 11.1 
Ragi Red millet 328 7.3 
Wheat   346 11.8 

Pulses and 
legumes 

Bengalgram Chickpea 372 20.8 
Blackgram Black lentil 347 24.0 
Horsegram Bean 321 22.0 
Greengram Mung 348 24.5 
Redgram Pigeonpea 335 22.3 

Nuts and 
oilseeds 

Groundnut   567 25.3 
Safflower   356 13.5 
Sunflower   620 19.8 

Commercial 
crops 

Cotton   0 0.0 
Chilli   29 2.9 
Onion   59 1.8 

Livestock 
products 

Milk 
(buffalo)   117 4.3 
Milk (cattle)   67 3.2 
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Example calculation; If a household consumes 0.2 t of jowar per year (2 bags) and 1 liter of 

buffalo milk per day (365 L/yr), then it can be determined that the household consumes: 

• Energy from sorghum = 0.2 x 10,000 x 349 = 698,000 kcal/hh/yr 

• Energy from milk = 365 x 10 x 117 =  427,050 kcal/hh/yr 

• Total energy = 1,125,050 kcal/hh/yr  

• Protein from sorghum = 0.2 x 10,000 x 10.4 = 20,800 g/hh/yr 

• Protein from milk = 365 x 10 x 4.3 = 15,695 g/hh/yr 

• Total protein = 36,495 g/hh/yr 

 

B.7 – Calculating livestock dry fodder requirement 

 

Livestock fodder requirements were calculated by taking reported dry-fodder 

values from Raja et al. (1997) on daily livestock fodder needs. Raja et al. (1997) report 

that on average 2.2 kg of dry fodder is required for every 100 kg of a livestock (see Table 

B.7.1).  

 
Table B.7.1 - Livestock fodder requirements (Raja, et al., 1997). 

Livestock Average body 
weight (kg) 

Fodder required     
(kg dry fodder/  

100kg body weight) 

Fodder 
required 

(kg/livestock/yr) 
Bullock 300 2.2 2.4 
Cattle 270 2.2 2.2 
Buffaloes 420 2.2 3.4 

 

Example calculation; If a farmer reports having 2 adult bullocks and 2 adult cattle, the 

fodder requirement of the livestock would be (2 x 2.4 + 2 x 2.2) = 8.9 t dry/hh/yr. 
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B.8 - Standard residue and fodder conversion ratios  
 

Standard ratios for fodder and crop residues in relation to primary produce produced are 

presented in Table B.8.1. The ratios are used in calculating the production of residues for energy 

as fuel and fodder for livestock. 

 

Table B.8.1. Standard crop residue and fodder ratios used in determining production of fodder 
and fuel within the villages (UAS records, 2007). 
 

  Residue to grain ratio   
Crop This study1 Other studies Reference 

Cotton 3 3-5 2,3,4,5 
Sunflower 1.20 1.46-1.77 4,5 
Chilli 1.25     
Safflower 0.50 0.5 5 
Groundnut* 0.58 0.29-0.33 4,5 
Jowar* 2 2 4 
Ragi 2.14 2 5 
Bajra 1.25 1.0-1.7 3,4,5 
Maize* 1.50 2 5 
Redgram 1.25 0.69-1.5 3,4 Greengram 1.25 
Wheat* 1.30 0.5-1.5 3,4,5 
* Represents ratios for fodder     
1 Patil, 2007.  
2 Coates, 2000. 
3 Kadian and Kaushik. 2003. 
4 Kanniappan and Ramachandran. 1998. 
5 Ramachandra et al., 2004.  

     
 

Example calculation; A farmer reports that the household produces 2 tonnes of jowar in the rabi 

season, while also producing 1 tone of cotton. Using the standard ratios for conversion, on 

average this household is expected to produce (2 x 1.13) = 2.26 t of fodder for livestock, and (0.5 

x 2.6) = 1.3 t of chilli sticks (crop residues) which will be used for cooking. 
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B.9 - Standardizing various units of biomass to tonnes 

 

The standard conversion factors used in standardizing reported fuel consumption to 

tonnes is presented in Table B.9.1. 

 

Table B.9.1: Conversion factors used in converting crop residues, manure and firewood reported 
in the form of tractorloads, cartloads and bundles to tonnes (UAS records, 2007). 
 

  Crop t dry/tractorload t dry/cartload   

Crop residues 

Chilli 0.63 0.23   
Cotton 0.96 0.43   
Maize 1.88 0.44   
Safflower 0.60 0.23   
Jowar 2.25 0.63   
Sunflower 0.62 0.23   

  Manure 2.25 0.52   
    t dry/tractorload t dry/cartload t dry/bundle 

Firewood (branches) 
Acacia 2.50 0.55 0.025 
Neerm 2.63 0.65 0.035 
Proposis (Jali) 2.13 0.55 0.025 

Source: UAS records, 2007. Obtained from Patil, 2007. 

 

Example calculation; A farmer reports that the household uses 2 cartloads of chilli residues and 1 

tractorload of Acacia per year for cooking. When adjusted to tonnes/yr, the household uses 

(2x0.23 + 1x2.5) = 2.96 t dry/hh/yr of biomass fuel, from which energy content can be 

determined. 

 

B.10 – Making adjustments to reported fuel consumption values  
 

Adjustments were made to outlier households, approximately 10% of households, who 

reported unreasonably low or high fuel consumption that was too high. A small number of 

farmers also could not provide estimates on fuelwood or crop residue consumed and so 

adjustments were made. To make the aforementioned adjustments, the following were done: 

 

1) If it were the case that households did not report sufficient fuel consumption to cover an entire 

years’ period, or if households omitted certain sources of biomass, then the calculated production 

of fuel residues from the reported cropping pattern was that which was assumed to be used for 
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cooking and water-heating purposes. For instance, in the case that a farmer grew cotton or chilli, 

but the survey did not indicate use of cotton or chilli sticks, with no other fuel sources reported, 

then the calculated quantity of cotton and chilli residues was assumed to be used for household 

purposes.  
 

2) In the case that no fuel residues were generated, and where inadequate fuelwood was reported 

(below 0.25 kg/cap/day), then the average reported fuelwood usage within that landholding 

category was used for such households.  
 

3) If households over-reported firewood collection (above 5 kg/cap/day), the collection was 

scaled down to the average reported collection in the landholding. In addition, if households over-

reported crop residue production, the number was scaled down to reflect expected or calculated 

production of residues.  

 

B.11 - Calculating the average value of primary products (farm gate price of produce) 
  

Farmers reported the sale price of produce in Rs/quintal (1 quintal = 100kg) in almost all 

cases, which was used to calculate the gross revenue from the reported mass production. The 

average reported sale price was then calculated using all households reporting the sale price of a 

particular crop (Table B.11.1).  
 

Table B.11.1. Reported value of produce (farm gate price) for all sampled villages.  
 

    Rate (Rs/tonne) 
    Inamhongal Madapur Shivalli 

Cereals 

Jowar 8,596  8,804  10,742  
Maize 8,200   9,500 11,417  
Wheat 10,252    11,459  
Bajra   7,667    

Pulses and 
legumes 

Bengalgram     26,516  
Greengram 22,479    23,577  
Horsegram 19,667    22,005  
Redgram     22,000  

Nuts and 
oilseeds 

Groundnut   19,508  15,966  
Safflower 11,200    18,692  
Sunflower   15,200  17,714  

Commercial 
crops 

Chilli   44,802  41,636  
Cotton 24,333  21,545  17,650  
Onion 4,904  4,904  4,904  
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Appendix C 
Study site particulars 

Table C.1. Breakdown of village structure by number of households within each landholding 
along with population data for all sampled villages.  
 

  No. of households/landholding1       

Landholding category Inamhongal Madapur Shivalli Total 
Sample wide 
landholdings 
(% of total) 

State wide 
landholdings 
(% of total)2 

Landless (0 ha) 105 34 143 282 17 44 Marginal (0.01-1 ha) 122 40 185 347 21 
Small (1.01-2 ha) 230 75 105 410 25 27 
Medium (2.01-4) 163 53 112 328 20 18 
Large (4.01> ha) 130 41 83 254 16 10 
Total 750 242 628 1620 100 100 
Population total 4091 1423 3168 8682     
1 Source: Village accountants and respective village revenue departments. 
2Source:  Agricultural Census of India. Department of Agriculture and Cooperation, 2001. Available at 
http://agcensus.nic.in/cendata/databasehome.aspx (under state tables). Accessed May, 2008. 

 

Table C2. Agricultural statistics and land use profile of sampled villages. 
 

Particulars 
Inamhongal Madapur Shivalli 

Total (ha) 
Hectares3 Hectares4 Hectares5 

Geographical area1 1932 766 1209 3906 
Cultivated land 1805 704 1117 3625 
Uncultivable land2 127 62 92 281 
Forest area 0 0 0 0 
Non-agricultural land 3 0 0 3 
Government fallow land 15 0 0 15 
Net irrigated area 84 45 7 136 
Area irrigated through Hectares3 Hectares4 Hectares5 Total (ha) 
i. Canal 0 0 0 0 
ii. Pond/stream  24 0 0 24 
iii. Bore and open well 60 45 7 112 
iv. Other 0 0 0 0 
1 Includes roads, rivers, forestland, residential area, tanks and cultivated land. 
2 Includes government owned land, hilly and rocky areas and steep sloped areas. 
3 Revenue and agriculture department. Village Panchet office. Census of 1990. Obtained from  
Patil, K.L (Taluk Agricultural Assistant).  Date obtained 05/11/07. 
4 Revenue department. Tahasildar office, Savanur Taluk. Village survey conducted in 2006. 
Obtained from Kambar S (Village accountant). Date obtained 20/11/07. 
5 Revenue Department. Tahasildar office, Dharwad taluk. Village survey conducted in 2007. 
Gambager HP (Village Accountant). Data obtained 16/11/07. 
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Table C3. Surveyed land area among all landholdings, with associated per household and per 
capita land areas. 
    Landholding category   
    LN MG SM MD LG Pooled 

Inamhongal 
Total cultivable land area (ha) 0 9.5 25.5 42.2 144.4 221.6 
Average cultivable area (ha/hh) 0 0.63 1.59 2.81 8.98 2.9 
Per capita cultivable area (ha/cap) 0 0.12 0.31 0.36 1.31 0.43 

Madapur 
Total cultivable land area (ha) 0 11.4 20.9 41.6 105.8 179.6 
Average cultivable area (ha/hh) 0 0.64 1.39 2.77 6.61 2.30 
Per capita cultivable area (ha/cap) 0 0.12 0.21 0.45 0.92 0.34 

Shivalli 
Total cultivable land area (ha) 0 9.6 31.2 52.7 213.6 307.1 
Average cultivable area (ha/hh) 0 0.60 1.64 2.95 8.80 2.90 
Per capita cultivable area (ha/cap) 0 0.10 0.30 0.51 1.92 0.59 

All villages 
Total cultivable land area (ha) 0 30.4 77.5 136.5 463.9 708.3 
Average cultivable area (ha/hh) 0 0.63 1.55 2.85 8.16 1.06 
Per capita cultivable area (ha/cap) 0 0.12 0.28 0.44 1.41 0.20 

 

 

Table C.4. Village wide nutrient food energy and protein demand computed for all landholdings 
used to determine percentage of nutrient demand satisfied through production (see Figure 4, 
Section 3.1.7). 

  Landless Marginal Small Medium Large 
  Inamhongal 

Protein (kg/hh/yr) 117.2 105.8 107.2 163.4 153.8 
Energy (000' kcal/hh/yr) 4,735.4  4,276.3  4,331.6  6,603.0  6,218.0  

  Madapur 
Protein (kg/hh/yr) 91.0 120.6 139.6 140.0 162.7 
Energy (000' kcal/hh/yr) 3,676.2  4,873.4  5,641.2  5,658.9  6,577.6  

  Shivalli 
Protein (kg/hh/yr) 121.0 127.3 118.1 125.3 142.1 
Energy (000' kcal/hh/yr) 4,890.3  5,144.8  4,775.0  5,064.9  5,743.5  
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Appendix D 
Optimization model 

The following appendix provides an overview of the optimization model constructed; 

Section D.1 deals with the linear programming functions of the LINDO software, Section D.2 

explains the model structure using the minimum land area scenarios.  

 

D.1 – LINDO optimization software 

Various software programs are available for building and simulating optimization 

models, including LINDO, LINGO, HOMES and others (Akella et al., 2007). This study uses the 

What’sBest version 9.0 software package from LINDO Systems for the linear modeling approach 

to optimization. What’sBest is a user-friendly Excel-based spreadsheet program that allows one 

to build large-scale optimization models for difficult problems using standard spreadsheet 

equations.  

The model developed in the current study is reflective of the models designed in previous 

studies and is similar to the modeling framework adopted by Raja et al. (1997), Kanniappan and 

Ramachandra (1998) and others (see Section 1.6.3). 

The model designed is linear, where the relationships in the problem are linear with 

respect to the variables that are described. The model works on the premise of adjusting variables 

within the specified constraints to find an optimal, or objective, solution to a given problem. In 

order to further understand the operation of the model, it is necessary to consider the three main 

components of the model: adjustables, constraints and objective function. For these parameters, 

the program has built-in functions and equations linking the variables with one another. These 

functions are highlighted in the template shown in Figure D1. The functions of the LINDO 

software area explained further in Section D.2. 
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Figure D1. What’sBest template with built in adjustable, constraint and objective function.  

 
 

D.2 – Adjustables, constraints and objective function 

 

Adjustable cells are those cells in a worksheet that the LINDO program can adjust in 

seeking an optimal solution. Adjustable cells are also referred to as variables. Adjustables, or 

variables are further discussed in Section 2.2.3, they are also marked in the model in Appendix D.  

Constraint cells are those cells in a worksheet that place a limitation of some sort on the 

model that is being constructed, enforcing the restrictions imposed by the modeler. The constraint 

cells restrict the adjustables, in order for the resulting solution to reflect as closely as possible 

real-world conditions. In other words, the constraint cells make the model realistic and applicable  

by giving consideration to the actual constraints imposed on a system (see Section 2.2.2). The 

constraint cells allow one to model three relationships, ‘greater then’, ‘less then’ and ‘equal to’. 

  Objective function is the function that one seeks to optimize as the goal of the problem. 

Typically the objective function seeks a maximized or minimized condition. For instance, 

maximizing the net value of products from the agricultural system is a goal or objective function 

that one can optimize. A combination of adjustable cells and constraints as specified by the 
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modeler compute the objective function. Only a single objective function can be maximized or 

minimized at one time. For objective functions that are modeled, see Section 2.2.5. 

The model also consists of fixed values that are used in computing certain aspects of the 

model sub-systems. These fixed values include yield, nutrient content of grain and fodder and 

others (see 2.2.4). Such values are not influenced (adjusted) by the optimization.  

The modeler, using standard excel equations, links the adjustable cells, constraint cells 

and objective functions.  

For all scenarios modeled similar constraints are used, where it is only the objective 

function that changes, such as for instance minimum land area versus maximum net value. The 

objective function can change by moving the objective function cell to any variable that one 

wants maximized or minimized. Once all variables have been linked and all constraints identified 

properly, the ‘solver’ function is selected and the model is solved.  

 

D.3 – Model overview: Minimum land area optimization scenario 

The following is an outline of the optimization model developed for scenarios S1-S4 

(Section 3.2.1), with input and output data shown for scenario S1. Scenarios M1 and M2 (Section 

3.3) also use the same model format with slight adjustments to the variables. Note that all 

equations have been excluded. In addition, note that the values are colour coded to represent 

different component cells of the model. The colour coding is explained under Figure D 2.1. 
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Figure D 2.1. Optimization model for scenarios S1-S4. Shown here is the minimum land area 
output (objective function), as well as net value of outputs and demographic values for scenario 
S1, for a household of 5 people with minimum area requirement of 0.77 ha (formulas are 
excluded).  

 
 

Description of Figure: All cells with red numbers are output cells (B4-B11), whereas all cells 

with black numbers are fixed cells. The fixed cells are fixed for all scenarios, S1 to S4 (Section 

3.2.1). All cells with blue numbers are adjustables (B17 and D17). There is one constraint cell, 

cell C17, stipulating in the model that the karif and rabi cultivated area are to be equal. The 

objective function is marked by cell B15, which in this case is to minimize land area, which per 

season is 0.77 ha (scenario S1). The various value determinants are also shown for the 

optimization (net value is shown in cell B11 and Table 17 in Section 3.2.1). In this setup, the only 

values that would be changed by an extension personnel would have to be the demographics of 

the population (cells B22 to B29). 
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Figure D.2.2.- Continuation of Figure D 2.1 showing the nutritional requirements and 
consumption of foodstuffs (for a household of 5, S1). 

 
 Description of Figure: The same colour scheme is applied here as in Figure D 2.1. The annual 

nutrient and crop intake requirements will change depending on the population demography that 

is sampled (Figure D.2.1). In this case 5 persons require 873 kgs of cereal grains and 76 kg of 

pulses for a period of one year, with 284 liters of milk, and 38 kgs of nuts and oilseeds. These 

values serve as constraints with regard to minimum foodstuff consumption. In this setup, the 

extension worker would not be adjusting any value, as all values in Figure D.2.2 are linked to the 

demographic information (Figure D.2.1). 
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Figure D.2.3. Sample of fodder requirement and associated restrictions of the model. 

 
Description of Figure. Depending on the number of livestock owned, the fodder requirement 

(cell B351 an D356) will be fixed, while the minimum fodder required will be constrained by cell 

C356. In scenario S1, 1.19 t of fodder are produced, but since in this case the fodder is not used 

for livestock as livestock are not modeled in S1, the fodder can be used for fuel. For the village 

wide analysis, the fodder required for all livestock will be calculated and will be placed under cell 

D356, which will influence the cropping pattern as fodder will have to be produced. The only 

number that would therefore need to be modified for re-adjustment of the model is the number of 

livestock, which would determine a new fodder demand (cell D.356).  
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Figure D.2.4. - A segment of the optimal cropping pattern is shown for cereal crops for the rabi 
season, with associated areas, production values, economics, and fodder production for the 
selected scenario S1. 

 
 

Description of Figure: A segment of the optimal crop area for cereal crops in the rabi season, 

based on the various constraints and adjustables, is presented in the figure above. Under the S1 

scenario therefore, the optimal area allocated to jowar is 0.38 ha (cell B223) and area under wheat 

is 0.39 ha (cell C223) during the rabi season (see Table 17 in Section 3.2.1). The fodder produced 

is shown in row 240. Using the consumption of foodstuffs (row 221) it is possible to calculate 

household and village wide intake of nutrients based on the nutrient content of the foodstuffs. The 

food energy and protein nutrient composition of foodstuffs can be located in Appendix B.6, Table 

B.6.1. In the setup of Figure D.2.4, the only numbers that would need to be changed for re-

adjustment of the model for different periods and or regions in Northern Karnataka are those in 

rows 219 (the yield) and rows 226 (farm-gate price of produce). 
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Table D.2.5. – Minimum nutrient consumption constraint.  

 
 

Description of Figure: A constraint is placed such that the total nutrients that are consumed by 

the household, determined by the nutrient content of the food crops consumed, is equal to or 

greater to the minimum required nutrient intake. For instance, the calculated minimum energy 

intake requirement for a household of 5 is shown in cell D319 (also in Figure D 2.2), which is the 

minimum amount of energy that must be consumed, marked by the greater then or equal to 

constraint (cell C319). The output of the energy consumed as modeled is shown in cell B319, 

which is dependent on the optimal cropping pattern and grain production as shown in Figure 

D.2.4.  
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Appendix E 
Price sensitivity 

A limited sensitivity analysis is carried out whereby the value of wheat is doubled over 

the value obtained at the time of data collection to emphasize the change in cropping pattern 

when the value of grain changes. The sensitivity analysis is also meant to demonstrate the 

versatility of the model, but also how sensitive the model is to changing prices.  

All constraints, adjustables and other fixed values remain exactly the same as for scenario 

M1, with the only change being the doubling in the value of wheat. Cost of cultivation is kept 

constant, however in a real situation, there could be several price and cost changes occurring 

simultaneously. The optimal cropping pattern under the modified value of wheat is presented in 

Table E.1 and is compared to the observed cropping pattern of scenario M1 (Table 19, Section 

3.3.1).  

As can be seen, with the doubling in price of wheat, the model stipulates that a larger 

proportion of area be devoted to wheat, and smaller under jowar. This suggests that the model 

must be re-adjusted to reflect changes in prices, but also yields and costs of cultivation. 

 

Table E.1. A comparison between the optimal cropping pattern when the value of wheat is 
doubled (sensitivity scenario), and that when it remains constant at the observed value of the 
study period (scenario M1). The cells represent only the area under cultivation in hectares. 
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Appendix F 
Detailed cropping pattern 

Table F.1. Cropping pattern among all sampled households and landholding categories in Inamhongal village. 
 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other1 
Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 

Marginal 
1           K       R       
2       R K                 
3 R R       K               
4       R           K       
5       R   K       K       
6       R   K               
7                         KRS 
8       R K                 
9 R         K       K       

10 R       K                 
11                           
12       R K                 
13 R     R K         K       
14       R K                 
15       R   K               

15.1       R K         K       
% of hh 25.0 6.3 0.0 62.5 43.8 37.5 0.0 0.0 0.0 37.5 0.0 0.0 6.3 

Small 
16     R     K       K       
17       R   K       K       
18 R R     K                 
19 R     R K         K       
20 R R   R K         K       
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21 K+R     R K         K       
22       R K                 
23 K     R K                 
24       R K         K       
27       R K                 
29       R           K       
30   R       K       K       

30.1 R       K                 
30.2 R       K                 
30.3 K+R     R   K               
30.4 R R   R   K   R   K       

% of hh 56.3 25.0 6.3 68.8 62.5 31.3 0.0 6.3 0.0 56.3 0.0 0.0 0.0 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other1 
Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 

Medium 
31 K+R R   R K         K       
32 R R   R K         K       
33 R     R K         K       
34   R K+R K+R   K K     K       
35   R R R   K       K       
36 R R   R K                 
37 R R   R K                 
38 R R   R K         K       
39 K+R     R K         K   K   
40 R     R           K       
41 R R     K                 
42     R R   K       K       
43       R K         K       
44 R R   R   K K     K       
45 K+R     R   K   R   K       

% of hh 73.3 60.0 20.0 93.3 60.0 33.3 13.3 6.7 0.0 80.0 0.0 6.7 0.0 
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Large 
46 K+R R   R K         K       
47 R R   R K         K       
48     R R   K   R   K       
49   R K+R R   K   R   K       
50   R   R   K       K       
51 R R   R K         K       
52 R R   R K         K       
53   R K R   K   R   K   R   
55   R R R   K       K       
56   R R R   K       K       
57 R R                   R K 
58 K+R R   R K         K   KR R 
59 R R   R   K       K       

60 R R K R K         K     
K + 
KRS 

60.1 R R K R K         K+R       
60.2 K R   R K                 
60.3 R     R K         K       

% of hh 64.7 88.2 41.2 94.1 52.9 41.2 0.0 17.6 0.0 88.2 0.0 17.6 17.6 
Overall 
%  54.7 45.3 17.2 79.7 54.7 35.9 3.1 7.8 0 65.6 0 6.3 6.3 
1 Other crops include Guaua (KRS), Sugarcane (KRS) and oil seeds, rice and potato. 
Legend: K- grown over the Kharif season, R- grown over the Rabi season, KR- grown over 2 seasons (Kharif and Rabi) and sown in Kharif, K+R grown over two seasons (Kharif and Rabi) and sown at 
the beginning of each season. KRS- grown year round.  

Note: Household numbers that are excluded were discarded, those households that are blank leased out their land last year.  
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Table F.2. Cropping pattern among all sampled households and landholding categories in Madapur village. 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other
1 Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 

Marginal 
16                           
17                       K   
18                       K   
19             K             
20                     K K   
21                         K 
22 K                       K 
23             K           K 
24                     K     
25             K             
26                         K 
27 K             K       K   
28             R             
29             K             
30             K             

30.1                       K   
30.2             K         K   

% of hh 11.8 0.0 0.0 0.0 0.0 0.0 41.2 5.9 0.0 0.0 11.8 35.3 23.5 
Small 

31             K           K 
32                       K   
33                 K   K     
34                   K     K 
35                     K K   
36         K             K   
37             K             
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38     K                     
39             K             
40             K       K K   
41 K                     K   
42             K           K 
43                           
44                     K   K 
45 R R         K       K     

% of hh 13.3 6.7 6.7 0.0 6.7 0.0 40.0 0.0 6.7 6.7 33.3 33.3 26.7 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other
1 Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 

Medium 
46         K             K K 
47 K       K           K K   
48 K       K       K         
49             K         K K 
50     K       K           K 
51 K   K               K K K 
52                   K K K K 
53             K             
54 K+R       K   K R     K   K 
55 K                   K K   
56             K             
57                           
58 K           K       K K   
59             K       K K K 
60     K       K             

% of hh 40.0 0.0 20.0 0.0 26.7 0.0 53.3 6.7 6.7 6.7 46.7 53.3 46.7 
Large 

61 K                   K K K 
62 K           K       K     
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63 K           K       K   K 
64 K+R           K       K R   
65                     K K   
66 K+R   K       K       K R   
67 K+R   K       K       K R   
68 K                   K   K 
69 K           K       K K K 
70 R   K           K   K KR   
71             K   K         
72 R R K       K         K K 
73 K+R                   K KR   
74 K           K       K   K 
75     K       R   K     KR   

75.1 K   K       R       K K   
% of hh 81.3 6.3 37.5 0.0 0.0 0.0 68.8 0.0 18.8 0.0 81.3 68.8 37.5 
Overall 

%  36.5 3.2 15.9 0.0 7.9 0.0 50.8 3.2 7.9 3.2 42.9 47.6 33.3 
1 Other crops include redgram, ragi, cowpea, and other commercial crops, including bhendi, tomato, beetlewine, savi, sacci and pan. 
Legend: K- grown over the Kharif season, R- grown over the Rabi season, KR- grown over 2 seasons (Kharif and Rabi) and sown in Kharif, K+R grown over two seasons (Kharif and 
Rabi) and sown at the beginning of each season. KRS- grown year round.  
Note: household numbers that are excluded were discarded, those households that are blank leased out their land last year.  
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Table F3. Cropping pattern among all sampled households and landholding categories in Shivalli village. 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other1 Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 
Marginal 

1           K               
2                   K R     
3 R         K       K       
4                   K   R   
5                   K   R   
6                   K       
7             R   K         
8         K       R         
9 R R   R K K               

10           K K         R   
11         K       R         
12   R   R   K K R   K   K   
13 R       K                 
14 R       K                 
15   R     K         R       

15.1   R   R K   K     K   R   
% of 
hh's 25.0 25.0 0.0 18.8 43.8 31.3 25.0 6.3 18.8 50.0 6.3 31.3 0.0 

Small 
16 R R       K K     K       
17 R R   R   K K     K       
18 R R   R     K     K   K   
19 R R       K     R         
20   R       K K   R K       
21   R R     K K             
22           K K   R K       
23   R     K         KR KR     
24         K   K   R K       
25 R R   R K                 
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26                       K R 
27 K R     K                 
28   R   R K   K     KR KR KR   
29         K       R         
30   R R R K K K R R K     K 

30.1     K R   K K R     R R   
30.2 R R     K         K       
30.3 R R                   K   
30.4   R R   K K   R   K       
% of 
hh's 42.1 73.7 21.1 31.6 47.4 47.4 52.6 15.8 31.6 57.9 15.8 26.3 10.5 

HH # Cereals and millets Pulses and legumes Nuts and oilseeds Commercial crops Other1 Jowar Wheat Maize Bengalgram Greengram Horsegram Groundnut Safflower Sunflower Onion Chilli Cotton 
Medium 

31   R     K       R K       
32   R     K K     R KR KR     
33   R R R K K K R         K 
34   R     K   K   R K   R   
35         K         K       
36 R R   R K   K     K       
37         K         K R R   
38   R R     K K     K   R   
39         K       R         
40 R R     K   K             
41   R R R   K K     K       
42   R     K   K           R 
43   R   R K   K             
44   R   R K         K       
45   R R R   K K             

45.2 R R   R K K K             
45.3 R       K   K             
45.4                           
% of 
hh's 22.2 72.2 22.2 38.9 77.8 33.3 61.1 5.6 22.2 50.0 11.1 16.7 11.1 
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Large 
46       K K K K             
47         K K       K       
48         K   K     K       
49   R R K+R   K K R R K   R   
50 K           K     K       
51           K K     K K     
52         K K K     K K     
53         K         K       
54         K K       K       
55                           
56       K K   K     KR KR KR   
57 K       K   K     KR KR KR   
58         K   K     K KR   K 
59 K         K K     K       
60           K K             

60.1     K     K K     K K     
60.3 K       K   K     KR KR KR   
60.4 K   K       K   K KR KR KR   

% of 
hh's 27.8 5.6 16.7 16.7 55.6 50.0 77.8 5.6 11.1 83.3 44.4 27.8 5.6 

Overall 
%  29.6 45.1 15.5 26.8 56.3 40.8 54.9 8.5 21.1 50.7 19.7 25.4 7.0 
1 Other crops include soybean, coriander, black lentil, sesamum and potato 
(each reported by only one household)                 
Legend: K- grown over the Kharif season, R- grown over the Rabi season, KR- grown over 2 seasons (Kharif and Rabi) and sown in Kharif, K+R grown over two seasons 
(Kharif and Rabi) and sown at the beginning of each season. KRS- grown year round.  
Note: Household numbers that are excluded were discarded, those households that are blank leased out their land last year.  
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Appendix G 
Survey 

Survey35 of the household food, fodder and biomass production, consumption and 
sale for dryland farming, among landless, marginal, small, medium and large 

landholding categories 
 

A partnership between Queen’s University (Canada) and  
the University of Agricultural Sciences (India) 

 
I. General information 
 
Study period: July 2006-June 2007   R. Assistant: ___________________ 
Date and time of survey: __________________ Village name: ___________________ 
Participant #: ____   Age ______  
 

Education: Illiterate/Literate/Prim/Sec/Inter/Degree/PG/Professional 
  
II. Household demographic indicators (participants family, including participant) 

 Gender 
(m/f) 

Age 
(yrs) 

 

Education Farm 
worker (x) 

Household 
worker (x) 

Working 
outside (x) 

Invalid 
(x) 

1        
2        
3        
4        
5        
6        
7        
8        
9        

10        
11        
12        
13        
14        
15        
16        
17        
18        
19        
20        
Note: (x) Signifies that an x should be placed for that member under the corresponding category 
 
Farming components (x):  ___ Dry farming  ___ Irrigated farming  ___ Dairy     

 

___ Poultry  ___ Dryland hort.   ___ Irrigated hort.   ___ Others (specify): ________ 

                                                      
35 The survey received ethics approval from the General Research Ethics Board (Queen’s University). 
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III. Land holdings: Indicate which land is irrigated (unless stated all values are in acres) 
 

Type1 
 

Total 
area 

Actual acres under  

Value (Rs/acr) 
/ Lease (Rs/yr) 

Chronic 
problems 
with land2 

Net 
cultivation 

Fallow 
land 

Non arable 
land 

Owned       
1.       
2.       
Sub total       
       
Leased in       
1.       
2.       
Subtotal       
       
Leased out       
1.       
2.       
Sub total       
TOTAL       
       
Share 
cropped3 

      

1 Type: the numbers under the categories represent landholdings in other areas of the village, or other 
villages that the farmer may have.  
2 Problem code: 1. Poor fertility, 2. Shallow topsoil, 3. Acidic, 4. Saline, 5. Sodic, 6. Slope, 7. Extreme 
slope, 8. Undulations, 9. Gullies, 10. Seasonal flooding. 
3 Shared land holding (shared risk) with others, if so, how many acres from the total row. 
 
 
 
IV. Sources of household income during the study period  

Source of 
income1 

No. of family members 
engaged Income/yr %age of 

total family 
income? 

%age of 
total family 

expenditure? Full 
time 

 

Part 
time 

Months/yr Rs 
 

Kind (ie. 
grains) 

Farming        
Govt. 
jobs 

       

Casual 
labour 

       

Business        
Other:        
Total      100%  

1 Farming, plantation, dairying, poultry, govt. jobs, private jobs, casual agril labour-locally, casual 
agricultural labour in govt. schemes, casual agricultural labour in other places, Govt. pensions 
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V. Cropping plan during study period 
A= Area (acres), P= production (units/area), C = household consumption (units/yr), S= Qtty sold and price (units/yr, Rs/unit) 

Cropping 
pattern 

Khariff Rabi Kharif-R. OR Rabi-S. 
Variety A P C S Variety A P C S Variety A P C S 

 
 

Monocrop 

1.                
2.                
3.                
4.                

 
Sequence 
cropping 

1.                
2.                
3.                
4.                

 
 

Inter-
cropping 

1.                
2.                
3.                
4.                

 
Mixed-

cropping 

1.                
2.                
3.                
4.                

 
Crop 

rotation 

1.                
2.                
3.                
4.                

 

Relay 
crop 

1.                
2.                

Land area left 
fallow 

   

 

• List which of the above crops are irrigated, and their area of irrigation (can also mark on chart) 
_____________________________________________________________________________________________________ 
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VI. Livestock inventory during the study period  
 

Category Livestock breed 
and #1 

Age (in yrs or 
adult/immature/calf) 

Status  Home grown 
/purchased/ loan and Rs 

Lifespan 
(yrs) 

# of days 
working 
(days/yr) 

Milking Workable 

 
Buffalo 

1.       
2.       
3.       

        
 
 

Draught 
(bullock) 

1.       
2.       
3.       
4.       

        
 
 

Milch 
(cow) 

1.       
2.       
3.       
4.       

        
 
 

Poultry 

1.       
2.       
3.       
4.       

        
 

Goats 
1.       
2.       

        
 

Sheep 
1.       
2.       

Other 2.       
1 Under livestock variety state the livestock breed (L=local variety, CB= cross-bread, PB=pure bread). For type must provide specific information, ie. poultry 
whether they are chicks, broilers or layers 
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VII. Livestock feed and fodder- Livestock feed and fodder production during the study period  
 
 

Units: cartloads/ tractor loads/ headloads 
 
 

Fodder category 

Self produced 
(/yr) Purchased (/yr) Grazing (/yr) Livestock consumption (units/yr) 

 

Qtty 
(units) 

 

Mths 
Qtty (units) & 
cost (Rs/unit) 

 

Mths 
Qtty 

(units) 
 
 

Mths Buff. Bull. Cow Other 

 
 

Green fodder 

1.           
2.           
3.           
4.           

 
 

Dry fodder 

A. Cereals           
2.           
3.           
4.           

 
 

Dry fodder 

B. Legumes           
2.           
3.           
4.           

 

Concentrates 
and vitamins 

1.           
2.           
3.           

 

Other 
4.           
3.           

1 Each number represents different types of feedstock under its respective category 
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VIII. Livestock product utilization and PURCHASE by farmers during the study period 
  

Category Production1 Purchase Utilization (units/mth or /yr) 
 

Unit2 
 

Avg/day Mths/yr Dry mths/yr Qtty (/day or /mth) 
 

(Rs/unit) 
 

Household 
 

Sold out (Rs/unit) 

M
ilk

 Cow         
Buffalo         
Goat         

 Eggs         

M
ea

t Birds         
Goat         
Rabbit         
Other:         

1 The columns are meant to elicit an answer. If for instance pots/month are given, and mths/yr, then other columns need not be filled in. 
2 Units may be in terms of pots, or liters.  
 

IX. Livestock manure production and usage during the study period (July 2006- June 2007) 
 
 

Category1 

 
 

Units2 

Manure 
production 
units/day 

or /yr 

Manure utilization (units/day, or /mth or /yr)  
 

Retained in 
pit (units/yr) 

Manure 
fertilizer (field 

application) 

Dried cow 
pellets-
cooking 

 

Biogas feedstock1 Sale of 
manure (units 
and Rs/unit) Cooking Water heating 

Buffallo         
Draught         
Milch         
Poultry         
Goats         
Sheep         
Total         
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X. Household consumption of biomass and its products (biomass- portion of cropped plants not used by humans as food or              
livestock as feed)  
 

 

 
 

Item 

Feedstock source (units/yr or /wk) Utilization (units/yr or /wk) 
Self 

generated 
/grown 

Obtained 
for labour 

Collected 
(free) 

Purchased 
(Qtty and 
Rs/unit) 

Tot. amt. 
obtained 

 

Man days 
(collection) 

Cooking & 
water 

heating 

Mixed 
with 

manure 

Sale 

Amt. Price 
(Rs/unit) 

Agr. residues1 (must specify if residues are used (ie. maize stalks, jowar stalks etc) for cooking 
1.           
2.           
3.             
Manure           
Firewood (must include tree (Acacia, Jali, Neem etc.) and wood type (cotton sticks, firewood), and quantity of wood consumed, as well as the source) 
1.           
2.           
3.           
Biogas3          
Liquified p. gas          
Napta/Kerosine          
Petrol          
Diesel          
Electricity          

1 Type of agricultural residue, ie. maize stover, maize stalks, cotton sticks, wheat husks etc…  
 

• Are any agricultural residues left/incorporated into the soil?____ Y/N.  
 

• *Are any solar panels used (Y/N)?_______ What make/model of solar panels?_______________ How many solar panels, and their 
size?______________ What is the capital cost per solar panel (Rs/panel)?______ What is the maintenance cost of the solar panels (Rs/yr)? 
_______ What is the lifespan of the solar panels (yrs)?___ 
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