



Biological and economic impact of zero-energy composting technology developed for Agaricus bisporus: a case study of Northern India mushroom growers
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ABSTRACT 

	The study aims to evaluate the impact of the Zero Energy Poly Tunnel (ZEPT) composting technology for button mushroom cultivation and to identify the socio-economic factors influencing its adoption among mushroom growers in India. It was conducted in Bihar and Haryana among button mushroom growers, covering one complete production cycle from September to March. Primary data were collected from 40 mushroom growers, comprising 20 ZEPT adopters and 20 non-adopters following the conventional long composting method. Detailed information on compost preparation costs, biological efficiency (BE), compost conversion rate, and socio-economic characteristics was collected using structured schedules. The impact of ZEPT adoption was assessed using two-sample t-tests assuming unequal variances. Determinants of technology adoption were analyzed using a Linear Probability Model with adoption status as a binary dependent variable. ZEPT adopters achieved significantly higher biological efficiency (19.69%) compared to non-adopters (17.04%) and a higher compost conversion rate (2.50 vs. 2.01). The average variable cost of compost preparation was significantly lower for ZEPT adopters (₹5.97 per kg) than for non-adopters (₹8.20 per kg). Regression results showed that female growers were 0.27 times more likely to adopt ZEPT than male growers (P = 0.05). Education (β = 0.054, P < 0.01), reliance on mushroom farming as the main occupation (β = 0.344, P = 0.05), and prior training in mushroom cultivation (β = 0.278, P = 0.05) significantly increased the probability of adoption. 
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1. INTRODUCTION 
Despite a significant decrease in its contribution to Gross Value Added (GVA) from 29% in 1990-91 to 17.7% in 2023-24, agriculture remains a vital livelihood for India, receiving considerable attention from policymakers (GoI, 2025). Approximately 54% of rural residents rely on farming and related activities for their sustenance (GoI, 2025). However, agricultural livelihood options are diminishing due to factors such as reliance on traditional methods, vulnerability to weather and fragmented land holdings. Moreover, inadequate investment and technology development further constrain the performance of Indian agriculture. The country's net sown area has stabilized at approximately 139 million hectares with little scope for further expansion (GoI, 2020). Landholding sizes are small, averaging 1.08 hectares and declining, with around 85% of farm households operating on two hectares of land or less, averaging 0.50 hectares (GoI, 2020). These farmers, typically engaged in low-wage activities, are resource-poor. It is important to diversify the income source with allied activities like mushroom farming. To address this, it's crucial to educate farmers on diversifying their livelihood sources and adopting advanced agricultural technologies. This would enhance efficiency, reduce costs, and increase earnings. 
Technological advancements have significantly boosted agricultural productivity. Mechanization has reduced the need for manual labor, while the development of high-yielding crop varieties resistant to pests and diseases has further increased productivity. Judicious resource use under scarcity and the need to validate their use necessitates the impact assessment of agricultural research. The economic impact assesses the value of the scientific technologies to the society and draw conclusions about the use of scarce resources for research and technology development (Alston et al. 1995). It helps in justifying the monetary and other investments in agricultural research. The global mushroom production is 50 million tons (MT) in which India is at third position with 0.3 MT (3.98 lakh tons) production. Mushroom is considered as next-gen health food. It is one of the most promising and viable commodities of Indian agriculture sector and nutritional security owing to their properties like short duration, healthy compounds, commercial enterprise, functional food etc. It has high protein (35-40%), carbohydrates (40-60%), vitamin B complex, vitamin C, and fibre (8-10%). Mushrooms are sole source of vitamin D2 for vegans. Mushrooms have very low fat (<1%) which are considered heart-healthy fats (Pérez-Palacios et al., 2019; Wasser, 2017). Mushrooms have no cholesterol, low glycemic index and calorific value making them suitable for diabetic and obese people. Recently, the consumption pattern is shifting from traditional foods to functional foods which align with the SDG2 of improving nutrition.
Adopting modern agricultural technology is widely recognized as a promising strategy to increase farmer incomes by cutting costs and enhancing agricultural productivity. However, various factors such as lack of awareness, limited access to credit, inherent risk, and insufficient proficiency hinder the adoption process, particularly in developing nations. While significant literature on the adoption of improved crop varieties, agricultural inputs, and management practices exists, research on the adoption of technology related to mushroom composting is negligible or non-existent in India. India currently produces 0.39 million tonnes of mushrooms and the production has been growing at a Compound Annual Growth Rate (CAGR) of 8% over the last decade. Species-wise, Button mushroom has the most share (73%) followed by oyster and paddy straw mushrooms (12% each) (Bijla and Sharma, 2023). 
The paper mainly addresses the impact of the adoption of improved button mushroom composting technology (Zero Energy Poly Tunnel), the factors determining the adoption and the constraints faced by the button mushroom farmers in adoption. There are four key steps in the cultivation of White button mushroom: composting, conditioning, spawning, and casing (Kariaga et al., 2012). Compost serves as the growth medium for mushrooms by creating an environment conducive to mushroom growth (Femor et al., 1985). Composting for button mushroom production relies on a solid-state fermentation process driven by a succession of thermophilic microbes and substrate self-heating (Van Lier et al., 1994).
In the seasonal cultivation of button mushroom, the traditional composting method i.e. long method is commonly used for compost preparation (Pathak et al., 2013). This method involves multiple turnings over four to six weeks to create aerobic conditions (Suman and Sharma, 2007), but it poses issues like difficulty in temperature control and huge labor requirements (Hernandez et al., 2003). Wakchaure and Singh (2013) introduced Zero Energy Poly tunnel (ZEPT) composting to address these challenges by incorporating perforated HDPE pipes for aeration, thus shortening the composting process and improving efficiency.

Table 1. Raw material composition: ZEPT method of composting

	Component
	Proportion
 (% of total compost)
	Purpose

	Dry wheat straw
	60.00
	Primary lignocellulosic substrate

	Wheat bran
	5.50
	Readily available carbohydrate source

	Chicken manure
	31.00
	Nitrogen and microbial inoculum

	Urea
	0.5
	Supplementary nitrogen source

	Gypsum
	As standardized
	pH buffering, structure improvement



Source: Wakchaure & Singh (2013)

The compost formulation presented in Table 1 uses a combination of carbon-rich substrate and nitrogenous supplements commonly recommended for button mushroom composting. Dry wheat straw forms the bulk component, while wheat bran, chicken manure, and urea are added to improve nutrient balance and microbial activity. Moisture is adjusted through controlled water application, and gypsum is incorporated at a standardized stage to regulate pH and improve compost structure. Details of the subsequent composting operations, including pile management, turning schedule, and gypsum application, follow the standard procedure described by Wakchaure and Singh (2013). Rangnamei et al. (2024) evaluate the zero-energy polytunnel (ZEPT) method of composting for Agaricus bisporus under North-Eastern Indian conditions and demonstrate its suitability as a low-cost alternative to conventional composting systems. Their study shows that passive aeration through perforated HDPE pipes ensures adequate oxygen supply and temperature regulation within the compost pile, thereby eliminating the need for energy-intensive infrastructure. Based on their on-station trials, the study reports satisfactory mushroom yields and favourable economic returns, with a benefit–cost ratio of 2.55, highlighting the economic viability of the technology.
Existing studies largely emphasize yield performance, cost economics, and demonstrative benefits of ZEPT at the farm level, with limited attention to rigorous impact evaluation and the socio-economic drivers governing technology adoption. Moreover, empirical evidence comparing adopters and non-adopters within a common analytical framework, particularly across major button mushroom–producing states, is scarce.
Against this backdrop, the present study extends the literature by simultaneously assessing the biological and economic impacts of ZEPT adoption and identifying the socio-economic determinants influencing its uptake among mushroom growers in India. By conducting a comparative analysis of ZEPT adopters and conventional long-method users in Bihar and Haryana over a complete production cycle, the study provides regionally relevant and statistically robust insights. Further the factors which affect the adoption of mushroom related technologies are also not found in the extant literature. Hence, the study will answer following research questions:
I. How ZEPT composting affects yield, cost, and conversion rate of compost?
II. What are the factors which affect the adoption of new composting technology among mushroom growers?

2. methodology 

In the study, the data pertains to the states of Bihar and Haryana. These states are among the top six states in terms of mushroom production and also leading in the seasonal cultivation of button mushrooms. As mushroom growers are sparsely located in the country, purposively, 20 growers each of the ZEPT method and Long method were selected. The data was taken for one seasonal crop of button mushroom starting from September (Hut preparation and initiation of compost production) till the middle of March (harvesting). The detailed information on various parameters such as infrastructure, machinery and equipment, raw materials used related to composting materials, spawn, bags, labor, miscellaneous expenses, energy and fuel expenses, produce quantity sold, market price, asset availability, training attended, etc. have been collected from the respondents. 
2.1 Impact assessment  
The impact has been studied as the difference between Biological Efficiency (BE), Compost conversion rate (CR), and average variable cost (AVC) of compost preparation with the help of t-Test (Two-Sample Assuming Unequal Variances) for ZEPT adopters vs non-adopters (long method). 

where 
	tcal
	:
	calculated t value

	μ1
	:
	Pooled mean (BE, AVC and CR) of adopters

	μ1
	:
	Pooled mean (BE, AVC and CR) non-adopters

	s1
	:
	Standard deviation of adopters

	s2
	:
	Standard deviation of non-adopters

	n1
	:
	Number of observation (adopters)

	n1
	:
	Number of observation (non-adopters)




2.2  Adoption factors
For the determination of the adoption factor, a linear probability model (LPM) has been used which is based on a normal Ordinary Least Square (OLS) linear regression with a binary outcome i.e. adopter and non-adopters (Gregor and Sewando, 2013). The equation for the assessment of LPM is-



where, 

	P(Yi=1|Xi)
	:
	probability that the grower is an adopter (1) or not (0)

	β0
	:
	intercept

	βk (k:1-7)
	:
	probability associated with the determinants (regressors)

	X1 
	:
	social group/ caste

	X2 
	:
	Sex of the adopter

	X3
	:
	Experience (years) in mushroom farming

	X4
	:
	Number of dependents in the household

	X5 
	:
	Grower's education (years)

	X6
	:
	Major occupation

	X7
	:
	Any mushroom farming training attended (yes or no)

	ϵ
	:
	error (difference between the predicted probability and the actual outcome [0/1])


That probability was predicted as a linear function i.e. the effects of all the coefficients are added to get outcome probability.

3. results and discussion

Table 2 presents a comparative profile of socio-economic characteristics of ZEPT adopters and non-adopters. A notably higher proportion of female growers is observed among adopters, suggesting that the adoption of ZEPT may be influenced by gender-specific labour considerations. The conventional long composting method is labour-intensive and physically demanding, involving repeated turnings and manual handling, which may discourage female participation. In contrast, the ZEPT method reduces drudgery through improved aeration and controlled composting, making it relatively more attractive to women growers. This finding highlights the potential of labour-saving technologies in enhancing women’s participation in mushroom farming.
Further, both the household head’s education and the grower’s years of formal education are higher among adopters, indicating the role of human capital in technology adoption. Educated growers are more likely to access information, comprehend technical advantages, and perceive long-term economic benefits associated with improved composting methods. This aligns with the broader literature suggesting a positive association between education and adoption of agricultural innovations.
In contrast, adopters and non-adopters do not differ significantly with respect to experience in mushroom cultivation, share of mushroom income in total household income, and land endowment. This suggests that ZEPT adoption is not constrained by scale of operation or asset ownership, but rather driven by knowledge-based and labour-efficiency considerations. The absence of significant differences in farming experience further indicates that both relatively new and experienced growers are equally capable of adopting the technology, provided adequate awareness and training are available.

Table 2 Socioeconomic profile of mushroom growers: ZEPT adopter vs non-adopter

	Variables
	Unit
	Mean
	S.D.
	Min
	Max

	Adopters (ZEPT method)

	Female growers
	proportion
	0.30
	0.45
	0
	1

	Head’s Education (years)
	years
	12.75
	2.26
	10
	17

	Grower’s Education (years)
	years
	14.75
	1.79
	12
	17

	Grower’s Age (years)
	years
	35.05
	6.72
	24
	50

	Dependents in household
	number
	3.35
	1.77
	1
	8

	Mushroom farming experience 
	years
	4.15
	3.82
	1
	15

	Share of mushroom in income
	percent
	34.58
	23.28
	10
	100

	Land (yes)
	proportion
	0.50
	0.50
	0
	1

	Non-adopter (Long method)

	Female growers
	proportion
	0.10
	0.20
	0
	1

	Head’s Education (years)
	years
	10.05
	1.56
	8
	15

	Grower’s Education (years)
	years
	13.25
	2.17
	10
	17

	Grower’s Age (years)
	years
	35.05
	6.72
	24
	50

	Dependents in household
	number
	3.25
	1.67
	1
	8

	Mushroom farming experience
	years
	3.80
	3.01
	1
	15

	Share of mushroom in income
	percent
	34.88
	21.00
	10
	100

	Land (yes)
	proportion
	0.65
	0.48
	0
	1



3.1 Impact
Table 4 clearly indicates that the ZEPT composting method performs better than the conventional long method across key technical and economic indicators. ZEPT adopters recorded a higher compost conversion rate (2.50) compared to non-adopters using the long method (2.01), reflecting more efficient utilization of raw materials during compost preparation. Similarly, biological efficiency was higher under ZEPT (19.69%) than under the long method (17.04%), suggesting improved compost quality and a more favourable growing environment for mushroom production.
In addition to biological gains, ZEPT adoption resulted in substantial cost savings. The average variable cost of compost preparation for ZEPT adopters was approximately ₹5.97 per kg, significantly (at P 0.06) lower than ₹8.21 per kg incurred by non-adopters. The component-wise cost calculation id provided in table 3.
Table 3. Comparative unit economics of compost preparation (long method vs  ZEPT method)
	Cost component
	Total cost (Rs 000)

	
	Long method
	ZEPT method

	Straw 
	139.75
	46.2

	Manure 
	22.00
	31.05

	Gypsum
	10.00
	2.20

	Wheat bran
	36.41
	17.85

	Fertilizers
	17.40
	21.26

	Labour
	102.98
	38.22

	Total
	328.53
	156.78

	Average cost of compost (Rs./ Kg compost)
	8.21
	5.97



This reduction in cost can be attributed to lower labour requirements, shorter composting duration, and improved process efficiency associated with the ZEPT method. The statistically significant differences observed across all three parameters underscore the economic advantage of the technology.
Taken together, the improvement in productivity indicators coupled with reduced input costs highlights the long-term economic viability of ZEPT composting. By lowering per-unit production costs while enhancing output efficiency, the technology offers a practical and scalable option for mushroom growers, particularly in resource-constrained production systems.

Table 4. Difference between Biological Efficiency (BE), Conversion rate, and Average cost of preparation: t-Test (Two-Sample Assuming Unequal Variances)

	Parameters
	BE (%)
	Conversion rate
	AVC (Rs. / Kg)

	
	Long
	ZEPT
	Long
	ZEPT
	Long
	ZEPT

	Mean
	17.04
	19.69
	2.01
	2.50
	8.21
	5.97

	Variance
	11.02
	8.05
	0.07
	0.11
	4.49
	0.72

	Observations
	20.00
	20.00
	20.00
	20.00
	4.00
	4.00

	Hypothesized Mean Difference
	0.00
	
	0.00
	
	0.00
	

	df
	37.00
	
	35.00
	
	4.00
	

	t Stat
	-3.32
	
	-6.21
	
	1.96
	

	P(T<=t) one-tail
	0.00
	
	0.00
	
	0.06
	

	t Critical one-tail
	1.67
	
	1.67
	
	2.13
	

	P(T<=t) two-tail
	0.00
	
	0.00
	
	0.12
	

	t Critical two-tail
	2.00
	
	2.00
	
	2.77
	



3.2 Adoption factors

It is important to avoid any multicollinearity in LPM; hence, a correlation matrix of the explanatory variables was prepared. Table 5 presents the pairwise correlation matrix among the key socio-economic variables included in the adoption analysis. Overall, the correlation coefficients are relatively low to moderate, indicating the absence of serious multicollinearity concerns.Household size shows a moderate positive association with the number of dependents (r = 0.30), which is expected, as larger households typically have more dependent members. Education is positively correlated with training exposure (r = 0.48), suggesting that better-educated growers are more likely to participate in formal mushroom-related training programmes. Sex also exhibits a moderate positive correlation with training (r = 0.32), indicating differential access or participation in training across gender groups. Caste displays weak to moderate negative correlations with education (r = −0.30) and training (r = −0.20), reflecting underlying social disparities in access to human capital development opportunities. Occupation is negatively correlated with sex (r = −0.23), implying differences in primary livelihood engagement across male and female growers, while its correlations with other variables remain weak. Overall, the low magnitude of most correlation coefficients suggests that the explanatory variables are sufficiently independent for inclusion in the regression model, thereby supporting the robustness of the estimated adoption determinants. 

Table 5. Correlation matrix among regressors
	Variables
	HH size
	Caste
	Sex
	Education
	Dependents
	Occupation
	Training

	HH size
	1.0000
	
	
	
	
	
	

	Caste
	0.0074
	1.0000
	
	
	
	
	

	Sex
	0.0357
	-0.2252
	1.0000
	
	
	
	

	Education
	0.1097
	-0.2959
	0.0569
	1.0000
	
	
	

	Dependents
	0.3022
	-0.1726
	0.0336
	0.1055
	1.0000
	
	

	Occupation
	0.1370
	0.0055
	-0.2343
	0.1687
	0.0107
	1.0000
	

	Training
	0.0558
	-0.1998
	0.3179
	0.4811
	0.0495
	0.0462
	1.0000



Table 6 presents the determinants of ZEPT technology adoption among mushroom growers based on Linear Probability Model estimates. The results indicate that sex, education, primary dependence on mushroom farming, and training significantly influence adoption decisions. Female growers were found to be 0.27 times more likely to adopt ZEPT technology than male growers. This finding is consistent with recent evidence showing that women are more likely to adopt labour-saving and low-capital agricultural technologies, particularly in smallholder and household-based production systems where physical drudgery and time constraints are binding (Doss et al., 2020; Rola‐Rubzen et al., 2020; Sulo et al., 2012). Education emerges as a strong positive determinant of adoption, with each additional year of schooling increasing the probability of adopting ZEPT by 0.05. Various studies confirm that education enhances farmers’ ability to process technical information, evaluate risk, and adopt knowledge-intensive technologies. Ahmed and Ahmed (2023) and Michler et al. (2020) provide robust evidence that education significantly improves uptake of improved agricultural practices by lowering information and learning barriers. This is particularly relevant for mushroom cultivation, where compost quality management requires technical know-how of the process. Growers who depend primarily on mushroom cultivation as their main source of income were 0.33 times more likely to adopt ZEPT compared to those engaged mainly in conventional agriculture. This result aligns with recent findings that higher livelihood dependence on a specific enterprise increases incentives to invest in productivity-enhancing technologies (Adjognon et al., 2017). In the case of mushroom farming, adoption of ZEPT appears to be driven by the need to reduce production costs and stabilize returns in a high-input, high-risk enterprise.
Training in mushroom cultivation significantly increased the likelihood of adoption by 0.28, underscoring the central role of extension and skill development. Recent empirical studies consistently show that access to training and advisory services remains one of the most important predictors of agricultural technology adoption, even in the presence of digital information sources (Anderson & Feder, 2004). This is particularly relevant for composting-based technologies such as ZEPT, where hands-on training and demonstrations are critical for successful implementation. Overall, the findings suggest that ZEPT adoption is shaped not only by technical efficiency gains but also by human capital, enterprise specialization, and institutional support. Strengthening targeted training programmes, improving educational outreach, and encouraging women’s participation are therefore essential for scaling up ZEPT adoption among button mushroom growers in India.
Table 6. Determining the factors affecting the adoption of ZEPT composting technology

	Variables
	Coefficient (s.e.)
	t
	P value
	95% Confidence Interval

	HH size
	-0.039 (0.032)
	-1.210
	0.234
	-0.103
	0.026

	Social group (Base: General)
	
	
	
	
	

	 OBC
	0.012 (0.129)
	0.100
	0.924
	-0.250
	0.275

	SC/ST
	0.046 (0.126)
	0.370
	0.716
	-0.210
	0.303

	Sex (Base: Male)
	0.266* (0.123)
	2.160
	0.039
	0.014
	0.518

	Education (years)  
	0.054** (0.018)
	3.010
	0.005
	0.017
	0.091

	Dependents    
	0.007 (0.031)
	0.230
	0.818
	-0.055
	0.070

	Major occupation (Base: Farming)
	
	
	
	
	

	Mushroom
	0.344* (0.138)
	2.500
	0.018
	-0.248
	0.382

	Others
	0.067 (0.154)
	0.440
	0.666
	
	

	Training    
	0.278* (0.117)
	2.370
	0.024
	0.038
	0.517

	constant   
	0.031 (0.215)
	0.140
	0.887
	-0.408
	0.469

	n
	40
	
	
	
	

	R-squared
	0.73
	
	
	
	

	Adjusted R-squared
	0.65
	
	
	
	


*** P< 0.001, ** P<0.01, * P<0.05 level of significance. Figures in the parentheses are respective standard errors.

4. Conclusion

The study enunciates the superiority of the ZEPT composting method over the long method almost all aspect such as compost conversion rate, Biological Efficiency (BE), and Average Variable Cost of compost preparation, indicating its long-term viability. Additionally, it identifies significant determinants of ZEPT technology adoption among mushroom growers, such as sex, experience, reliance on mushroom farming, and training. These findings are consistent with existing literature, underscoring the potential of ZEPT to enhance composting efficiency and cost-effectiveness in mushroom farming. Moving forward, promoting targeted educational and training programs, especially for women and highly educated farmers, could further accelerate the adoption of ZEPT. Additionally, policy interventions aimed at reducing the initial costs and increasing awareness of the benefits of ZEPT could foster broader acceptance and implementation of this advanced composting technology.
Further studies in this aspect may involve comparing the ZEPT composting with short method of composting, where energy consumption can be compared. With zero energy consumption, it may be popularized as energy efficient and green composting technology. Further longitudinal studies may be conducted to know the long run impacts on sustainability and profitability. By pursuing these research directions, stakeholders can gain a deeper understanding of the benefits and challenges associated with ZEPT technology, ultimately leading to more informed decisions and policies that support sustainable agricultural development.
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