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The concept of agricultural and environmental sustainability refers to minimizing the degradation of natural resources while increasing crop productions; assessment of inflow and outflow energy resources is helpful in highlighting the resilience of the system and maintaining its productivity. In this regard, the current study evaluated the amount of energy input–output of cotton productions and their environmental interventions. Data are randomly collected from 400 cotton farmers through face-to-face interview. Results suggested that the major energy is consumed by three culprits, i.e., chemical fertilizer, diesel fuel, and irrigation water (11,532.60, 11,121.54, and 4,531.97 MJ ha−1, respectively). Total greenhouse gas (GHG) emission is 1,106.12 kg CO2eq ha−1 with the main share coming from diesel fuel, machinery, and irrigation water. Stimulating data of energies, e.g., energy use efficiency (1.53), specific energy (7.69 MJ kg−1), energy productivity (0.13 kg MJ−1), and net energy gained (16,409.77 MJ ha−1). Further analysis using data envelopment analysis (DEA) showed that low technical efficiency, i.e., 69.02%, is the most probable cause of poor energy use efficiency. The impermanent trend in growth of energy efficiency has been witnessed with plausible potential of energy savings from 4,048.012 to 16,194.77 MJ ha−1 and a reduction of 148.96–595.96 kg CO2eq ha−1 in GHG emission. Cobb–Douglas production function is further applied to discover the associations of energy input to output, which inferred that chemical fertilizer, diesel fuel, machinery, and biocides have significant effect on cotton yield. The marginal physical productivity (MPP) values obliged that the additional use in energy (1 MJ) from fuel (diesel), biocides, and machinery can enhance cotton yield at the rate of 0.35, 1.52, and 0.45 kg ha−1, respectively. Energy saving best links with energy sharing data, i.e., 55.66% (direct), 44.34% (indirect), 21.05% (renewable), and 78.95% (nonrenewable), further unveiled the high usage of nonrenewable energy resources (fossil fuels) that ultimately contributes to high emissions of GHGs. We hope that these findings could help in the management of energy budget that we believe will reduce the high emissions of GHGs.
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INTRODUCTION
The Pakistan agricultural food basket is dominated by production of grain and cash crops such as wheat, rice, sugarcane, and cotton that is currently being deteriorated by the traditional farming approaches (Rehman et al., 2016; Elahi et al., 2019b; Elahi et al., 2019c). However, due to the high export value of cotton in the global market, its production stands with significant contribution to the national economy that accounts for 6.9% of the agricultural added value and about 1.4% of the gross domestic product (GDP) (Hayat et al., 2020). Pakistan is the fifth largest cotton-producing country of the world (Nadeem et al., 2014), bookkeeping for 9.80% of worldwide cotton productions (Zulfiqar et al., 2021). Amid the same period Pakistan’s yarn and garment exports revenue accounted for around 26% and 14% of the global market (Ullah et al., 2020), respectively. Cotton share was 46% of exports revenue of the country's total exports, employing 35% of industrial labor force at the national level (Rehman et al., 2019a; Rehman et al., 2019b).
The quantity and quality of cotton farming and its industrial by-products have a significant contribution towards national economic growth (Zulfiqar et al., 2021). Despite extensive efforts and other motivating factors, the cotton yield in Pakistan remained lower in comparison to other cotton-producing regions (Rehman et al., 2016). The efforts to enhance cotton production leads to the excessive application of resources, i.e., irrigation water, chemical fertilizer, and pesticide that are ultimately deteriorating the environment, public health, and financial return (Elahi et al., 2020). Severe runoff of agricultural inputs result in an unsustainable agriculture production path (Imran et al., 2019). As a result, researchers and policy makers are pushing and focusing on advance energy-efficient agricultural resource utilization, which would ultimately lead to environmental, social, and financial sustainability (Alluvione et al., 2011; Elahi et al., 2019a; Tayyab et al., 2020; Shah et al., 2021). The accelerating process of agricultural modernization increased the quantity of fossil fuel consumption; therefore, optimization is a way to reduce fossil energy and greenhouse gas (GHG) emissions (Rokicki et al., 2021; Zhao et al., 2021). The increased consumption of energy not only intensifies the environmental pollution but also brings serious threat to human life (Gu et al., 2019; Gu et al., 2020a; Gu et al., 2020b; Niu et al., 2020; Mir et al., 2021; Sepehri et al., 2021). Therefore, it is an important task to improve energy efficiency of production systems to strengthen the comprehensive management of ecological environment (Steinbuks and Hertel, 2014; Peng et al., 2019b; Zhao et al., 2020). Energy efficiency is considered to be an important factor for the agricultural sector that comprehensively analyzes the energy-saving potential and simulates the energy input–output profile of production systems to improve the regional environmental efficiency (Abbas et al., 2018; Sheng et al., 2019; Tu et al., 2019; Zhong et al., 2020). Determination of energy efficiency includes the evaluation and comparison of the geographical and temporal efficiency of farming systems that can help to compare and improve energy managements (Pellegrini and Fernández, 2018; Zhong et al., 2021). There are two kinds of energies involved in agriculture production systems, i.e., direct and indirect. The term “direct energy” refers to the energy associated with inputs and resources directly used at a farm to carry out different activities, whereas “indirect energy” involves the energy associated with the resources used during manufacturing, packing, and delivering the inputs (such as fertilizer, chemicals, and machinery) at the farm gate (Walters et al., 2016). Direct and indirect energies provide a system boundary of the whole production cycle to quantify environmental impacts, i.e., life cycle assessment, aligned with International Standards Organization (ISO) standards of environmental management (Finkbeiner, 2014b; Finkbeiner, 2014a). The literature on energy use is well documented; numerous studies have been conducted in different regions across the world over different agricultural crops, for instance, energy efficiency assessment of rice (Muazu et al., 2015; Soni and Soe, 2016), wheat (Imran and Ozcatalbas, 2021), corn (Banaeian and Zangeneh, 2011), sugar beet (Kazemi et al., 2015), soybean (Mousavi-Avval et al., 2011c), canola (Mousavi-Avval et al., 2011b), faba bean (Kazemi et al., 2015), alfalfa (Asgharipour et al., 2016), peach and cherry (Aydın and Aktürk, 2018), apple (Çelen et al., 2017), and vegetables (Heidari and Omid, 2011). However, there are few studies on energy input–output of cotton production; Kazemi et al. (2018) analyzed the energy use efficiency of cotton cultivations in two climatic regions of Iran (Darab and Gorgan). The cotton cultivation in Darab requires 36,189.03 MJ ha−1 energy to produce 34,090.07 MJ ha−1, and Gorgan consumes 31,860.6 MJ ha−1 energy to produce 35,237.82 MJ ha−1. Gorgan consumes less energy and produces more; thus, with average energy use efficiency of 1.106, Gorgan is found to be a more efficient and profitable region in cotton cultivations than Darab. Gokdogan et al. (2016) considered the energy balance of cotton cultivations in Turkey. The production of 4,750 kg of cotton from 1 ha requires 29,138.11 MJ energy (75.5% from fuel and fertilizer). Bonou-zin et al. (2019) studied energy flow and environmental emissions from cotton cultivations at conventional and organic farms. Organic farmers consumed less energy than conventional farmers; similarly, the quantity of GHG emission produced by organic farmers is relatively lower than the conventional farmers, but organic farmers are still environmentally inefficient compared to conventional farmers. Pishgar-Komleh et al. (2012) explored the stakeholders of energy consumption in cotton productions. The major share comes from indirect energy resources (60%) and non-renewable energy resources (71%). The heavy usage of fossil fuels is not only deteriorating the environment and depleting natural resources but also negatively impacting on climate change (Peng et al., 2019a; Shen et al., 2019; Peng et al., 2021). Consequently, climate change has adverse impacts on crop productivity (Elahi et al., 2021a). Pellegrini and Fernández (2018) studied the energy use efficiency and suggested possible remedies for preserving natural resources, so that the intensive demand and excessive utilization can be revived with suitable production structure, proper farm management, and adoption of new strategies and technologies. However, a comprehensive assessment of the farm production process is to do what is required to enhance energy use efficiency of crop inputs and develop innovative techniques for sustainable development (Rezvani Moghaddam et al., 2011; Asgharipour et al., 2012; Mondani et al., 2017). Efficient use of energy resources will decrease environmental pollution to save natural resources (Owusu and Asumadu-Sarkodie, 2016; Odhiambo et al., 2020; Nassani et al., 2021; Shittu et al., 2021). Increasing the usage of renewable energy resources (Sarkar and Seo, 2021) and monitoring energy efficiency in supply allocation of agricultural production system could make a valuable contribution towards sustainable energy development targets (Gielen et al., 2019; Kumar and Majid, 2020). Therefore, the purpose of this study is to assess energy efficiency at operational level (farm level) of agronomic inputs, GHG emissions, and utilization of renewable energy and non-renewable energy resources at cotton farms of Pakistan. Furthermore, regression and sensitivity analysis are performed to see the relationship between energy inputs and output. The findings of this study can be helpful to achieve the fundamental principles of sustainability, i.e., dynamic balance and integrated management.
MATERIALS AND METHODS
Study Area
This study is performed in Punjab, Pakistan (a province that is considered a necessary backbone of the country economy), producing 80% of the total cotton production of the country (Wei et al., 2020). From Punjab province, five cotton-producing districts named Vehari, Dera Gazi Khan, Lodhran, Rahim Yar khan, and Multan are successively selected to collect, analyze, and alleviate the data regarding agricultural practices (Figure 1).
[image: Figure 1]FIGURE 1 | (A) The selected area for good execution of this study which clearly indicates the high density of cotton growers, strongly concentrated in specific regions only (districts). (B) The geographical information and percentage of cotton production in selected districts.
Data Collection and Calculations
Multistage sampling technique was used to collect data from farmers (Elahi et al., 2021b; Elahi et al., 2018a). Eighty farmers from each district are randomly selected; thus, a total of 400 cotton farmers are interviewed from five selected districts. A well-structured questionnaire containing the information regarding use of seeds, chemical fertilizers, pesticides, FYM (farm yard manure), irrigation water, labor, diesel fuel, and machinery is used in the survey. The quantities of inputs used are calculated per acre (laterally converted to hectare) then multiplied with the coefficient of energy equivalent. The energy equivalent coefficients are determined from literature and given in Table 1; a detailed description about the calculation of energy equivalents is provided in the reference by Kitani (1999), and the same protocol has been followed in this study. Similarly, the conversion coefficients for GHG emission are also derived from previous studies, and the equivalent amount of CO2 is determined by multiplying the amount of input with equivalent factor; equivalent coefficients are provided in Table 1.
TABLE 1 | Energy and GHG equivalents.
[image: Table 1]The energy associated with all cotton inputs except machinery are calculated directly from energy equivalent Table 1, and the energy associated with agricultural machinery is calculated by using Eq. 1.
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where ME is the machine energy (MJ ha−1), Wm is the weight of machine (kg), eq is the energy equivalent (MJ unit−1), tm is the machine working time in the field (h ha−1), and Tm is the economic/useful life of machine (h). The calculated values are presented in Table 1.
The individual energy against every input is calculated by multiplying their corresponding energy equivalents; the total quantity of energy input is then determined by adding all the energy equivalences. For energy output, the quantity of cotton yield is multiplied with the relevant energy equivalent. Based on the energy input–output profile, the energetic variables like energy use efficiency, specific energy, energy productivity, and net energy gain are calculated. Energy use efficiency is the ratio of energy output to energy input and the average energy consumed (input) and produced (output) during the year 2018–2019. Specific energy is the amount of energy consumed to produce a unit mass of cotton yield, while energy productivity exhibits the quantity of cotton yield for each MJ of energy. The net energy gain then summarizes the energy flow of the production system; higher net indicates more energy gain (more profitable), and vice versa. The following Eqs 2–5 are used (Walters et al., 2016):
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where Eue is the energy use efficiency, Eo is the energy output (MJ ha−1), Ei is the energy input (MJ ha−1), Esp is the specific energy (MJ kg−1), Yc is the cotton yield (kg ha−1), Epr is the energy productivity (kg MJ−1), and Neg is the net energy gain (MJ ha−1).
Data envelopment analysis (DEA) is further used to estimate the technical efficiency of contending farmers. DEA is an extensively used non-parametric approach for estimation of productive efficiency. Based on linear programing, DEA measures the relative efficiency of different entities known as decision-making units (DMUs). DEA is explained by numerous authors (Elhami et al., 2016; Nabavi-Pelesaraei et al., 2016; Singh et al., 2019; Wei et al., 2020), so the details are not provided here. DEA was first introduced by Charnes, Cooper, and Rhodes (CCR) and characterized as constant return to scale and variable return to scale. DEA is further categorized as input and output oriented. In input-oriented analysis, a unit is made efficient by reducing the level of inputs while maintaining the level of output, and the output-oriented deals to gain the increased level of output with the same level of inputs. Input-oriented analysis seems more suitable for agriculture systems, as a farmer has more grip on inputs as compared to output (Walters et al., 2016). So we considered input-oriented DEA expressed in Eqs 6 (the standard form) 7 (the explanatory form) (Mohammadi et al., 2014). As DEA measures the ratio between weighted output to weighted input, DEA efficiency score usually ranges from 0 to 1. The DEA solver professional release 4.1 is used to evaluate the efficiency score of a particular DMU in Pakistan.
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where η is efficiency; Wso, weighted sum of outputs; and Wsi, weighted some of inputs. Consider S1, S2 … SN are weights given to output, O1J*, O2J*… ONJ* are the amount of outputs of DMU J*, and r1, r2 … rM are weights given to input, and I1J*, I2J*… IMJ* are the number of inputs of DMU J*.
Relationship of Energy Inputs to Yield (Output)
Cobb–Douglas is used to study the input–output relationship of energy used and gained during cotton production; the production function of Cobb–Douglas is expressed as follows (Singh et al., 2004), Eq. 8.
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where, Yi is cotton yield of ith farmer, a and aj are the values of function (a is constant, while aj is derived through regression model) (coefficient of jth input), Xij is jth input of ith farmer, and the error term of ith farmer is ui, which is normally distributed with zero mean value and constant variance (Elahi et al., 2017). We assume that if X is 0, then Y is also 0 (Hatirli et al., 2005; Rafiee et al., 2010). Similarly, the Cobb–Douglas production function for direct and indirect energy is described in Eqs 9 and 10 and is used for renewable and non-renewable energy (Mousavi-Avval et al., 2011a; Pishgar Komleh et al., 2011). Yield is considered as the dependent variable in both cases.
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where Yi and ui are cotton yield and error terms of ith farmer, ß1, ß2, γ1, and γ2 are coefficients of regression model, DE stands for direct energy, IDE indirect energy, RE renewable energy, and NRE for non-renewable energy.
Sensitivity Analysis
The sensitivity of energy inputs to output is determined through marginal physical productivity (MPP). The MPP value indicates the variations in cotton yield with a unit increase/decrease in inputs; using the response coefficients of the inputs, MPP calculates the output change with a unit change in the input when all other inputs remain constant at their geometric mean levels. The following equation is used to calculate the MPP value of jth energy inputs. MPP is based on the response coefficients of the inputs, the MPP value of any input indicates the output change with a unit change in the input when all other inputs are constant at their geometric mean level. The following Eq. 11 is used to calculate the MPP values (Singh et al., 2004).
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where MPPxj is the marginal physical productivity of jth energy input, GM(Y) is geometric mean of cotton yield, GM(Xj) is jth input geometric mean, and aj is the regression coefficient. As MPP is the ratio of geometric means of yield and inputs, positive MPP indicates increase in yield with an increase in specific input; negative MPP exhibits negative contribution to yield, i.e., decrease in yield with further increase in that specific input. The MPP values provide a threshold for individual inputs in which further increment is not only harming the yield but also deteriorating the resources (Singh et al., 2004; Rafiee et al., 2010; Pishgar Komleh et al., 2011).
RESULT AND DISCUSSIONS
Energy Input–Output
The average of energy input–output in cotton production during 2018–2019 and their energy equivalents are presented in Table 2. In order to gain more realistic results, the average values of 400 farmers are considered. The results revealed that total energy input and output are 30,740.99 and 47,150.76 MJ ha−1, respectively. It can be seen from Table 2 that machinery used in cotton production is just for 52.65 h ha−1, which indicates a lower level of mechanization. Cotton picking is the most labor-intensive operation in cotton cultivations; not a single farmer (out of the selected 400 farmers) is using cotton pickers (cotton picking machine), which made cotton the highest labor-consuming crop. The average labor consumption is determined as 744.05 h ha−1. The quantities of other inputs like irrigation water, chemical fertilizer, machinery, seed, and biocide are 4,443.10 m3 ha−1, 195.71 kg ha−1, 52.65 h ha−1, 16.95 kg ha−1, and 3.74 L ha−1.
TABLE 2 | Equivalent amount of energy input–output.
[image: Table 2]Moreover, percentages of individual inputs to the total energy input (%) are also presented in Table 2; chemical fertilizers (mainly nitrogen) consume 37% of total energy input followed by diesel fuel that utilized 36%. Chemical fertilizer is used to enhance the soil and plant productivity, while fuel energy is consumed during cultural operations in the field, land and seedbed preparations, goods transportation, and pumping of irrigation water. Moreover, seed, manure, and biocides are the least demanding energy input for cotton production (only 1% of the total sequestered energy), while human labor and machinery contributed about 5% and 4%, respectively. Cotton is an important cash crop that gained more value in recent years; consequently, cultivation area and number of farmers have been increased. Thus, excessive utilization of inputs has been observed. Additionally, there is a common belief among Pakistani farmers that excessive application of chemical fertilizers leads to increased crop yield (Elahi et al., 2018b). Moreover, less involvement of technological innovations in agricultural productions also raises inefficiency, and thus subsidies and passive provision of commercial credit to technological innovation will help farmers in precision agriculture (Liu, 2021). The application of farmyard manure and cultivation of legume crops is an excellent alternative solution to control the higher usage of chemical fertilizers.
Furthermore, the energy use efficiency, energy productivity, specific energy, and net energy gain of cotton is calculated using Eqs 2–5 and presented in Table 2. The energy use efficiency and specific energy is determined to be 1.53 and 7.69 MJ kg−1, respectively. The value of energy use efficiency indicated that the energy output of cotton production is 1.53 times higher than that of total energy input, which implies that cotton production is an energy-efficient crop in the studied region. Energy use efficiency and specific energy are integrative indices that are representative of the potential environmental impacts associated with the production of crops. Gokdogan et al. (2016) and Tsatsarelis (1991) reported the energy use efficiency as 1.92 and 0.66 in Turkey and Greece, respectively; the difference refers to higher level of mechanization and production in Turkey, while farmers in Greece use more inputs and gain less yield. Energy productivity and net energy gain are calculated as 0.13 kg MJ−1 and 16409.77 MJ ha−1. Energy productivity means that 0.13 kg of cotton is obtained per unit of energy (MJ). Energy productivity of Pakistani cotton farming systems is found lower than Turkish which is 0.16 kg MJ−1, which indicates a lower productive level of inputs or less soil productivity that resulted in less yield and ultimately lower net energy gain values (i.e., 1.64 times less than Turkey). Results revealed that 93% share of total energy consumed in cotton production comes from chemical fertilizer, diesel fuel, irrigation water, and human labor. A wide range of these resources indicated an inefficient resource utilization. This implies that the right amount of chemical fertilizer together with improved level of mechanization and involvement of precision agriculture could significantly enhance energy use efficiency in cotton production.
Energy Shares, GHG Emissions, Technical Efficiency, and Sensitivity of Cotton Yield (Regression and MPP)
The collective share of different inputs, the equivalent amount of GHG emission from individual inputs, technical efficiency, and plausible potential of resource savings is shown in Figure 2. The results of Figure 2A revealed that the average energy values for direct and indirect energy are 17,111.86 and 13,629.14 MJ ha−1, while renewable and non-renewable energy are 6,471.56 and 24,269.44 MJ ha−1, respectively. The shares of direct energy and indirect energy to total energy are 55.66% and 44.34%, and the renewable and nonrenewable shares are 21.05% and 78.95%, respectively. Our results are consistent with Gokdogan et al. (2016); they reported 50.15%, 49.85%, 12.72%, and 87.28%, respectively. It can be seen that the non-renewable energy resources (fossil fuels) are the major source of energy consumption and GHG emissions in cotton productions.
[image: Figure 2]FIGURE 2 | (A) Share of direct, indirect, renewable, and nonrenewable energies. (B) The equivalent amount of GHG emissions. (C) Efficiency and inefficiency score for each district at DMU1, Vehari; DMU2, Dera Ghazi Khan; DMU3, Lodhran; DMU4, Rahim Yar khan; and DMU5, Multan. (D) Percentage of plausible potential of resource savings in each district.
Figure 2B depicts the determined quantity of GHG emissions. The total quantity of GHG emission is 1,106.12 kg CO2eq ha−1 from cotton productions, with leading share of diesel fuel accounting for 58% followed by irrigation water for 23%. Chemical fertilizer and agriculture machinery contribute 9% and 8%, respectively, while biocides are the least deteriorating input to the environment. The results of this study showed that diesel fuel and irrigation water with the contribution of 642.16 and 253.26 kg CO2eq ha−1 are the most important inputs in GHG emission for cotton production, as cotton is a water-intensive crop that ultimately leads to higher GHG emission. While diesel fuel is mainly consumed in field operations, and tractor-mounted implements are used for field operations, the improper matching of equipment's and worn-out tractors are the reasons of high fuel energy and GHG emission. The quantity of GHG produced from chemical fertilizer is 105.01 kg CO2eq ha−1. The GHG from chemical fertilizer is not only causing air pollution but also harmful to soil and water. Organic farming, crop rotation, cultivation of legume and alfa crops, and green manuring are suitable and potential alternatives to increase soil fertility and organic matter and to reduce consumption of chemical fertilizer and GHG emissions. The GHG emission from agricultural machinery usage and biocide is calculated to be 86.59 253.26 and 19.10 kg CO2eq ha−1, respectively. Koga et al. (2003) reported that 15–29% GHG emission could be reduced with alternative tillage systems. So better management techniques are viable for energy security and environment friendly agriculture production in Pakistan.
Input-oriented CCR model is used to assess the technical efficiency of cotton farmers. As discussed earlier, chemical fertilizer, diesel fuel, and irrigation water are the three major contributing stakeholders of energy consumption; thus, we use these three stakes as input variables and cotton yield as output to DEA input datasheet, and selected districts of Punjab province are considered as DMUs. Malana and Malano (2006) used a similar pattern in their study to estimate the productive efficiency of wheat farmers in India and Pakistan; chemical fertilizer, seed, and irrigation water are used as the inputs and wheat yield as the output variable to DEA input dataset. The selected districts, Vehari, Dera Gazi Khan, Lodhran, Rahim Yar khan, and Multan are followed by DMUs (DMU1–DMU5). Furthermore, the CCR-based technical efficiency score of contending DMUs is calculated and presented in Figure 2C. Based on DEA results, the average technical efficiency score is 69.02% of cotton cultivation, with DMU5 (Multan) the most efficient district in cotton production. That indicates DMU5 performed at the frontier than other DMUs and exhibits a higher level of technical efficiency.
In other words, DMU5 had less use of energy or had excess in the yield. So improvement can be made in technically inefficient DMUs by raising their performance to DMU5. For instance, DMU1, Vehari district, exhibits technical efficiency of 85.11% indicating that DMU1 is 14.89% inefficient relative to DMU5. In another way the same level of output can be received from DMU1 if it operates at frontiers. Similarly, for DMU2, Dera Gazi Khan possessed the technical efficiency of 40.43% demonstrating almost 60% inefficiency compares to DMU5. The dual interpretation of technical efficiencies of DMUs shows the level of inefficiency and potential of resource savings by raising the performance of less efficient DMUs to DMU5 (operating at frontier). The potential of resource savings in different DMUs has been illustrated in Figure 2D.
The association between energy inputs and cotton yield is further explored through regression analysis and presented in Table 3. The positive value of regression coefficient indicates an increasing impact, and negative values demonstrate decreasing impact on cotton yield. It can be seen from Table 3 that all the independent variables except chemical fertilizer possessed positive coefficient and reveal a significant impact on cotton yield. The rate of positive and negative impacts of energy inputs on cotton yield show that about 10% increase in biocides energy can cause 4.0% increase in cotton yield. Similarly, the cotton yield can be increased by 2.5% and 2.4% with 10% increase in machinery and diesel fuel energy input, respectively, while the cotton yield will decrease by 4.4% with 10% increase in the applications of chemical fertilizers. Results show that biocides possessed the highest positive impact; agricultural machinery and diesel fuel exhibited the second and third most impactful inputs to cotton yield, while irrigation water, labor, and cotton seeds are the least impacting inputs. Hatirli et al. (2006) studied the sensitive inputs to tomato cultivations in Antalya, Turkey. They found that the farm labor and irrigation water have significant impact on tomato yield. In another study, Mohammadi et al. (2010) investigated the energy use efficiency and associated inputs to kiwi fruit; inputs like irrigation water, machinery, and chemical fertilizer have significant impact on kiwi yield. The MPP values further described that with 1 MJ increase in each input of biocide, machinery, and diesel fuel energy, an additional increase of 1.52, 0.45, and 0.35 kg ha−1 would happen in cotton yield, while cotton yield will decrease at the rate of 1.78 kg ha−1 for every additional increase in fertilizer energy. Additionally, regression coefficients for direct energy, indirect energy, renewable energy, and non-renewable energy are 0.14, 0.68, 0.53, and 0.39, respectively. Furthermore, all the regression coefficients for collective energy inputs (direct, indirect, renewable, non-renewable) are positive (Table 3), indicating an increase in input energies can increase output; MPP values further exhibit that increasing 1 MJ of direct energy, indirect energy, renewable energy, and non-renewable energy can increase cotton yield by 0.51, 1.02, 2.78, and 0.54 kg ha−1, respectively. Moreover, the highest increment in cotton yield with an additional 1 MJ of energy is observed in renewable energy resources.
TABLE 3 | Regression results of energy inputs for cotton production.
[image: Table 3]CONCLUSION
The current assessment of energy use and GHG emissions in cotton production resulted in the following conclusions.
• The total energy input–output for cotton production is 30,740.99 and 47,150.76 MJ ha−1, respectively.
• The total GHG emission is calculated as 1,106.12 kg CO2eq ha−1, with leading share of diesel fuel (58%) followed by irrigation water (23%) and chemical fertilizer (9%).
• The DEA results further revealed an average of 69.02% technical efficiency with plausible potential of energy savings from 4,048.012 to 16,194.77 MJ ha−1 and reduction in GHG emission from 148.96 to 595.96 kg CO2eq ha−1.
• A key message emerging from this study is that there is considerable scope for increasing the efficiency of cotton production of individual farms in Pakistan.
• Farm size, financial resources, type of farmer enterprise, experience, education, and other socioeconomic factors of farmers can be incorporated for future studies.
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Particulars Quantity unit™" area (ha) Energy-equivalent (MJ ha™) Percentage share (%)

1. Labor (n) 744.05 1,458.35 5
2. Seed (kg) 1695 20003 1
3. Fertiizer (kg) 195.71 11,532.60 a7
4. FYM (kg) 937.37 28121 1
5. Machinery (h) 52,65 1,219.64 4
6. Biocides (L, ko) 374 395.66 1
7. Diesel (L) 282,67 11,121.54 36
8. Water (m® ha™") 4,443.10 4,531.97 15
Total energy input - 30,740.99 100
(B) Cotton yield 3,995.83 47,150.76 -
Energy indices
tems. Unit Value -
Energy input MJ ha™! 30,740.99 -
Energy output MJ ha™! 47,150.76 -
Energy use efficiency - 153 -
Energy productivity kg MJ~! 0.13 -
Specific energy MJ kg™ 7.69 -

Net energy gain MJ ha™! 16,409.77 -
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