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phosphorus, and potassium
generation potential from
agricultural and animal
waste for sustainable
nutrient management
Vijayakumar Shanmugam1,2*, Virender Kumar2,
Raman Meenakshi Sundaram1, Rapolu Mahender Kumar1,
Panneerselvam Peramaiyan3, Varunseelan Murugaiyan2

and Amaresh Kumar Nayak4

1ICAR-Indian Institute of Rice Research, Hyderabad, India, 2International Rice Research Institute, Los
Baños, Philippines, 3IRRI South Asia Regional Centre, Varanasi, Uttar Pradesh, India, 4ICAR-Central
Rice Research Institute, Cuttack, Odisha, India
India, the second-largest food producer andworld’s largest livestock rearer, lacks

comprehensive quantitative data on domestic organic waste generation, which

hinders sustainable nutrient management and increases reliance on costly

inorganic fertilizers. This study addresses this gap by quantifying the national

and state-level potential of key organic wastes to bridge the country’s fertilizer

demand. We quantify the annual generation of Nitrogen (N), Phosphorus (P), and

Potassium (K) from various organic wastes and utilize these data to evaluate the

potential for organic farming across Indian states by analyzing the nutrient

balance between organic supply potential and inorganic fertilizer demand.

Annually, India generates 667.7 million tons (MT) of animal waste, contributing

4.49 MT of N, 1.77 MT of P, and 3.31 MT of K. Cattle and buffalo account for over

90% of this generation. Additionally, 762.8 MT of crop residue is generated,

primarily from rice, wheat, and sugarcane, yielding 4.55 MT of N, 0.53 MT of P,

and 6.61 MT of K. Oil meal (23.3 MT) contributes an additional 1.51 MT of N, 0.25

MT of P, and 0.24 MT of K annually. Collectively, organic waste generates a

massive resource of 10.6 MT of N, 2.6 MT of P, and 10.2 MT of K per year. Uttar

Pradesh leads in organic nutrient generation, contributing 14.6% of N, 12.3% of P,

and 18% of K, followed by Madhya Pradesh. On average, 10.1 tons of organic

waste is available per-hectare in India, which could provide 75.6 kg of N, 18.0 kg

of P, and 71.7 kg of K annually. However, significant region-specific nutrient

imbalances persist. Among 36 states and union territories, 17 and 20 show

negative N and P balances, respectively, while all states except Kerala have a

positive K balance. The quantified state-level nutrient balance provides an
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essential roadmap for region-specific agricultural planning. Positive nutrient

balance states should prioritize a rapid transition toward organic farming

policies, while negative balanced states require strategic integrated nutrient

management policies.
KEYWORDS

crop residue, animal waste, nitrogen, phosphorus, potassium
1 Introduction

Soil fertility is critical for both crop growth and a healthy

ecosystem (McGrath et al., 2014). However, intensive agricultural

practices driven by a growing global population have led to

widespread soil degradation and fertility decline (Bisht and

Chauhan, 2020; Vijayakumar et al., 2024a, Vijayakumar et al.,

2024b). The indiscriminate use of chemical fertilizers and

pesticides to boost yields has further exacerbated the problem,

contributing to water contamination and other environmental

concerns (Aktar et al., 2009; Tudi et al., 2021). These fertilizers,

often containing only one or two essential nutrients, are highly

soluble and release their nutrients rapidly upon contact with water.

Consequently, their nutrient use efficiency is lower. Additionally,

the high cost of inorganic fertilizers renders them inaccessible to

numerous farmers (Basak et al., 2023).

In contrast, organic waste offers a natural, environmentally

friendly solution. It provides several essential plant nutrients,

releases them steadily over time, promotes soil health and fertility

(Wang et al., 2020; Rani, 2022), and avoids negative environmental

consequences (Horrigan et al., 2002). Critically, the effective

management of agricultural waste, particularly crop residues, is

not only an opportunity for nutrient recycling but a necessity for

environmental protection (Dutta et al., 2022). Organic waste

management can be implemented at a modest expense, making it

an economically viable option for farmers, particularly considering

the prevalence of livestock ownership among Indian farmers (Röös

et al., 2018). Incorporating organic waste enhances soil health by

improving water and nutrient retention, leading to increased crop

yields, reduced farming costs, and sustainable agricultural practices

in the long term (Yadav et al., 2013a; Brar et al., 2015; Wang et al.,

2020; Rani, 2022).
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However, modern, mechanized harvesting often leaves vast

quantities of crop residue that are often burnt in situ due to the

lack of viable collection and processing infrastructure. This practice,

a form of mismanagement, leads to severe air pollution, loss of

valuable nutrients, and soil carbon depletion, underscoring the

necessity of developing large-scale agricultural waste management

strategies (Dutta et al., 2022). Traditionally, crop residue and oil

meal have been utilized as animal feed, while animal dung is used as

manure. This mixed farming system of Indian agriculture was more

sustainable compared to modern, input-intensive practices (Deb,

2015; Baker et al., 2023).

In mixed farming, the waste products of one enterprise serve as

input for others within the system, reducing the need for external

resources and aligning with organic agriculture practices (Gamage

et al., 2023). Animal waste serves as a natural reservoir of nutrients

for the soil, enhances soil fertility, and promotes a healthy

ecosystem. India boasts the world’s largest livestock population,

encompassing cattle, buffalo, sheep, goats, horses, camels, pigs,

mules, donkeys, yaks, and poultry (Radha and Kumar, 2022).

These animals are vital to the nation’s food security, agriculture,

and economy, providing essential resources like dairy products,

fertilizer, meat, and draft power (Herrero et al., 2013; Dash, 2017).

Despite having the world’s largest livestock population and

animal waste generation, the proportion of organic farming in the

total agricultural land is extremely low. As of March 31, 2023, only

10.17 million hectares (Mha) of India’s agricultural land is certified

organic, with Madhya Pradesh leading the way in certifications.

Globally, India ranks 2nd in the organic agriculture area and 1st in

the number of organic producers. Among the Indian states, Sikkim

stands as a unique example, having successfully transitioned to a

fully organic state in 2016, demonstrating the potential for broader

adoption (Paunglad, 2022).

Estimating organic waste generation from various sources, such

as animal waste, crop residue, and oil meal, is crucial to determining

the potential extent of agricultural land that could be converted to

organic farming (Pathak and Fagodiya, 2022). This assessment

helps identify suitable regions for organic agriculture and the

amount of organic manure needed to maintain soil fertility

(Mishra et al., 2015). Additionally, understanding the state-wise

and crop-wise contributions to total annual crop residue generation

is imperative, as it reveals regional variations and the dominance of

certain crops in residue generation, which is critical for developing
frontiersin.org
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sustainable residue management practices (Dutta et al., 2022).

Regions with high organic waste generation are more suitable for

organic agriculture, prompting policymakers to encourage farmers

to adopt organic practices and provide the necessary support.

Conversely, regions with low organic waste generation require

alternative approaches, such as integrated nutrient management

(INM) (Paunglad, 2022). Thus, assessing organic waste generation

through crops and livestock can help identify regions conducive to

organic agriculture and areas where reducing reliance on chemical

fertilizers is viable. This approach will foster the sustainable

development of the agricultural sector.

To date, there has been no comprehensive effort in India to

quantify the annual generation of animal manure at both the

national and state levels. Consequently, the generation of nitrogen

(N), phosphorus (P), and potassium (K) from animal manures has not

been estimated. Although there have been a few attempts to estimate

the total generation of crop residue in the country, these estimates are

outdated and do not accurately represent current generation levels.

Additionally, none of these studies have assessed the generation of N, P,

and K from crop residues. The same gap exists for oil meal and animal

waste generation. The lack of accurate information about organic waste

generation in India significantly impacts the agricultural sector,

hindering policymakers from making informed decisions and

supporting the transition to organic agriculture. This information is

crucial for policy development and implementation at both the central
Frontiers in Agronomy 03
and state government levels. Therefore, this study aimed to address the

above knowledge gaps by a) estimating total organic waste generation

in India by state, crop, and livestock category; b) calculating the total N,

P, and K generation from various organic sources in each state; and c)

assessing the state-wise balance of N, P, and K between organic sources

and inorganic fertilizers.
2 Material and methods

2.1 Study area

India, the world’s most populous nation with over 1.43 billion

people, the second-largest food producer, and the largest livestock

rearer (1,387.2 million animals/year), lacks comprehensive data on

annual organic waste production by state, crop, and livestock

category. This study addresses this gap by estimating India’s

annual organic waste generation, categorized by state, crop, and

livestock. India comprises 28 states and 8 Union Territories (UTs).

Data for Ladakh, recently designated as a UT separate from Jammu

& Kashmir, is included within Jammu & Kashmir due to the

unavailability of separate records. Chandigarh, another UT and

the shared capital of Haryana and Punjab, is treated independently,

with its data presented separately from these states. The overall

methodology followed in the study is presented in Figure 1.
FIGURE 1

The overall methodology of the study.
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2.2 Estimation of annual animal waste
production and its nutrient value

The animal waste was estimated for 11 domestic animals: cattle,

buffalo, sheep, goats, horses, camels, pigs, mules, donkeys, yaks, and

poultry. Livestock population data from 1951 to 2019 were sourced

from Indiastat.com. In India, a livestock census is conducted every

five years, resulting in a dataset aligned with this periodicity

(Supplementary Figure 1). For each livestock category, the total

population was multiplied by the corresponding average daily dung

generation (Table 1) to estimate daily dung output. This value was

then scaled to an annual estimate by multiplying by 365 and

expressed in metric tons per year (t/year). These calculations were

systematically applied to each livestock category across all states.

Annual dung generation from cattle
t

year

� �

=
ðTotal cattle population in the state� Average daily dung  generation

kg
day

animal

 !
 �365

 !

1000

The annual generation of N, P, and K from animal waste is

determined by multiplying the total annual dung generation by

their respective N, P, and K content (Table 1). This computation is

carried out for all the states and livestock separately.

Annual N generation from cattle dung 
t

year

� �

= Annual dung generation from cattle 
t

year

� �

�  
N  %ð Þ content in cattle dung

100

Annual P generation from cattle dung 
t

year

� �

= Annual dung generation from cattle 
t

year

� �

�  
P  %ð Þ content in cattle dung

100

Annual K generation from cattle dung 
t

year

� �

= Annual dung generation from cattle 
t

year

� �

�  
K  %ð Þ content in cattle dung

100
2.3 Estimation of annual crop residue
generation and its nutrient value

The annual crop residue generation for each crop was estimated

in two steps. First, the biological yield was calculated by dividing the

annual economic yield by the harvest index of the respective crop

(Table 1). Subsequently, the straw yield (crop residue) was derived
Frontiers in Agronomy 04
by subtracting the economic yield from the biological yield. The

2021 annual economic yield data for each crop were sourced from

Indiastat.com. This study includes 4 cereals, 3 millets (aggregating

all 6 small millets as one category), 9 pulses, 3 fiber crops, 9 oilseeds,

and 1 sugar crop (sugar cane).

Annual rice biological yeild 
t

year

� �

=
Annual   rice   grain   production   t

year

� �
Harvest   index   of   rice

 

0
@

1
A

Annual rice straw generation
t

year

� �

= Annual rice biological yield 
t

year

� �
 

−  Annual rice grain yield 
t

year

� �

To estimate N, P, and K generation from crop residue, the

computed residue is multiplied by the respective nutrient content in

the residue (Table 1). These calculations were systematically applied

to each crop and state, enabling the determination of crop-wise and

state-wise total residue production and nutrient generation.

Annal N generation from rice residue 
t

year

� �

=     Annual rice straw production 
t

year

� �

� N content in rice straw  %ð Þ
100

Annual P generation from rice residue 
t

year

� �

=     Annual rice straw production 
t

year

� �

� P content in rice straw  %ð Þ
100

Total K generation from rice residue 
t

year

� �

=     Annual rice straw production 
t

year

� �

� K content in rice straw  %ð Þ
100
2.4 Estimation of annual oil meal
generation and its nutrient value

The annual oil meal generation from various edible and non-

edible oilseed crops was calculated using their respective oilseed to
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TABLE 1 Constants used for estimating waste generation and nutrient potential from crops and animals.

Waste category Constant or
conversion factor

Nutrient content (%)
Reference

N P K

Animal waste
Animal waste
(kg dry mass/day/animal)

Cattle 5 0.6 0.2 0.5 FAI (2012); Gaur and Mathur (1990)

Buffalo 6.2 0.6 0.2 0.5

Poultry 0.1 1.1 0.8 0.5

Goat 0.3 0.7 0.3 0.9

Sheep 0.3 0.7 0.3 0.9

Pig 2 0.5 0.3 0.5

Camel 11 2.4 0.5 1.1 Sabouni et al. (2018); Abdel-Rahman et al. (2020)

Donkeys 10 0.99 0.67 1.74 Rai (1999)

Horses 14 0.7 0.3 0.6
Wartell et al. (2012); Westendorf and Krogmann
(2006); FAI (2012)

Yak 7.5 0.5 0.3 0.5 Rhode et al. (2007)

Mules 10 0.99 0.67 1.74 Rai (1999)

Crop waste Harvest index

Paddy 0.40 0.61 0.08 1.15 Tandon (1995); Pathak and Fagodiya (2022)

Wheat 0.37 0.50 0.07 0.98

Maize 0.4 0.52 0.08 1.12

Sorghum 0.4 0.52 0.10 1.11

Pearl millet 0.4 0.45 0.07 0.95

Small millet 0.4 0.40 0.07 0.44

Pulses 0.3 1.29 0.15 1.36

Groundnut 0.25 1.60 0.10 1.14

Castor, Linseed, Niger, Rapeseed &
mustard, Sesame

0.30 0.80 0.09 0.77

Soybean 0.30 0.45 0.05 0.25

Sunflower 0.70 0.45 0.05 0.25

Cotton 0.3 0.44 0.12 0.62

Jute & Mesta 0.5 0.75 0.18 1.11

Sugarcane 0.7 0.35 0.02 0.34

Oil-meal waste Oil meal (%)

Castor 53 4.3 0.77 1.04 FAI (2012)

Groundnut 53 7.3 0.65 1.04

Lin seed 76 4.9 0.60 1.04

Niger 91 4.7 0.77 1.04

Rape seed 60 5.2 0.77 0.96

Safflower 70 7.9 0.95 1.52

Sesame 50 6.2 0.86 0.96

Soybean 80 7 0.65 0.96

Sunflower 50 4.8 1.47 0.96 Gupta et al. (2006)
F
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oil meal percentages and expressed in t/year (Table 1). State-wise

and crop-wise oil meal generation was determined by performing

separate calculations for each state and crop.

Oil meal generation from castor 
t

year

� �

=  
Annual castor production  tð Þ �  Oil meal  %ð Þ

100

The total generation of N, P, and K from the oil meal was

derived by multiplying the annual oil meal generation by its

respective N, P, and K concentrations (Table 1), expressed in

t/year. This methodology was applied separately for each crop

and state, resulting in both state-wise and crop-wise estimates of

N, P, and K production from oil meal.

N   generation from   castor   oil  meal  
t

year

� �

=  
Castor   oil  meal   generation t

year

� �
�  N   content   in   castor   oil  meal   %ð Þ
100

P   generation from   castor   oil  meal  
t

year

� �

=  
Castor   oil  meal   generation t

year

� �
�  P   content   in   castor   oil  meal   %ð Þ
100

K   generation from   castor   oil  meal  
t

year

� �

=  
Castor   oil  meal   generation t

year

� �
�  K   content   in   castor   oil  meal   %ð Þ
100
2.5 Total N, P, and K generation in India
from various organic waste

The total generation of N, P, and K in India from organic waste

like animal waste, crop residue, and oil meal was calculated by

summing their respective contribution.
Total N generation from organic waste MTð Þ

=
N generation from animal waste tð Þ + N generation from crop residue tð Þ + N generation from oil meal tð Þ

1000000

Total P generation from organic waste MTð Þ

=
P generation from animal waste tð Þ + P generation from crop residue tð Þ + P generation from oil meal tð Þ

1000000

Total K generation from organic waste MTð Þ

=
K generation from animal waste tð Þ + K generation from crop residue tð Þ + K generation from oil meal tð Þ

1000000
2.6 Per-hectare organic waste availability
and NPK balance

The state-wise total organic waste generation (t/year) was

calculated by summing the annual generation of animal waste,

crop residue, and oil meal. The computed state-wise annual organic
Frontiers in Agronomy 06
waste generation was divided by each state’s net sown area (ha) to

determine per-hectare organic waste availability. The data on net

sown area and per-hectare N, P, and K fertilizer consumption for

2021–22 were obtained from Indiastat.com. Nutrient balance

quantifies the difference between the NPK generation through

organic waste sources (livestock waste, crop residue, and oil meal)

and the NPK consumption supplied as inorganic fertilizer. This

calculation provides a state-level assessment of organic nutrient

generation potential and is distinct from the conventional

agricultural definition, which tracks the net NPK changes within

the soil profile before and after crop harvest. The NPK nutrient

balance was computed using a formula presented below.

Total organic waste generation=Animal waste generation+

Crop residue generation+ Oil meal generation.

Total organic waste generation
t

year

� �

= Animal waste generation
t

year

� �

+ Crop residue generation
t

year

� �

+ Oil meal generation
t

year

� �

Per   hectare   organic  waste   availability  
t
ha
year

 !

=
Total   organic  waste   generation   t=yearð Þ

Net   sown   area   hað Þ

N balance 
kg
ha

� �

=  Total N generation through organic waste 
kg
ha

� �

− Total N consumption through fertilizer 
kg
ha

� �

P balance 
kg
ha

� �

=  Total P generation through organic waste 
kg
ha

� �

− Total P consumption through fertilizer 
kg
ha

� �

K balance 
kg
ha

� �

=  Total K generation through organic waste 
kg
ha

� �

− Total K consumption through fertilizer 
kg
ha

� �
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Total NPK balance 
kg
ha

� �

=  Total NPK generation through organic waste 
kg
ha

� �

− Total NPK consumption through fertilizer 
kg
ha

� �
2.7 QGIS

The nutrient balance map of India, depicting state-wise N, P, K,

and total NPK generation from organic waste, was generated using

QGIS software (version 3.34). Four maps were generated, each

representing N, P, K, and total NPK balance. The nutrient balance

was classified into four groups: highly deficit (< -50 kg/ha, dark red),

moderately deficit (-50 to 0 kg/ha, light brown), moderate surplus (0

to 50 kg/ha, light green), and highly surplus (> 50 kg/ha, dark

green). Additionally, separate maps illustrating state-wise N, P, K,

and total NPK generation from organic waste employed a gradient

color scheme, with darker colors indicating higher generation and

lighter colors representing lower generation.
2.8 Trend analysis

Trends and changes in dung generation (per 5 years, for

different animals) were assessed using the Mann-Kendall (MK)

test and Sen’s slope estimator. The MK test is a widely used non-

parametric method for detecting monotonic trends in time series

data (Wang et al., 2020). It operates under the null hypothesis that

there is no trend in the data, with the alternative hypothesis

suggesting the presence of a monotonic trend (Gadedjisso-Tossou

et al., 2021). For a time series with n observations x1,x2,…,xn, the

MK test statistic S is calculated as (Mann, 1945).

S = o
n−1

i=1
o
n

j=i+1
sgn(xi − xj)

where xi and xj are ith and jth datapoints and sgn is the sign

function.

sgn(xi − xj) =

1           if     xj > xi

0           if     xj = xi

1           if     xj < xi

8>><
>>:

9>>=
>>;

The standardized version of S, known as Kendall’s tau statistic

(t), is calculated as:

t =
S
n
2

� �

where
n

2

� �
is the number of unique pairs of observations. The

value of t ranges between -1 and +1. t = 1 and t = −1 indicates a

perfect positive and negative trend, respectively. Between these two
Frontiers in Agronomy 07
extremes, there exists varying magnitudes of trends and t = 0

indicates there is no trend.

The significance of the trend was tested using the Z-statistic of

the standard normal distribution.

Z =
Sffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Var Sð Þp
where Var is the variance of S. The trend is considered

significant at 0.1%, 1%, and 5% level if Zj j is greater than 3.29,

2.58, and 1.96, respectively.

Sen’s slope, another non-parametric method, estimates the

trend magnitude by measuring change per unit time (Kuriqi

et al., 2020). For a n ordered time series with observations (t1,x1),

(t2,x2),…,(tn,xn), the Sen’s slope estimator was calculated as

b̂ = Median
xj − xi
tj − ti

 !
  for   1 ≤ i < j ≤ n

where ti and xi are the time and corresponding data point. b̂
represents the median of all possible pairwise slopes between data

points, providing a robust measure of the trend’s magnitude that is

less sensitive to outliers or extreme values in the dataset.
3 Result

3.1 Animal waste generation and its
nutrient value

3.1.1 Animal waste generation in India from 1951
to 2019

The historical trend of animal waste generation in India,

spanning from 1951 to 2019, reveals a significant increase over

the years (Supplementary Table 1). In 1951, India’s animal waste

generation was 412 million tons (MT) (Figure 2a). As the years

progressed, India’s livestock population grew, and with it, animal

waste generation also soared, with an annual growth rate of 0.75%.

By 1956, India’s animal waste generation had increased to 423.7

MT, and by 1961, it had risen to 469.9 MT. This upward trajectory

in animal waste generation continued through the 1960s, 70s, 80s,

and 90s, with India generating 475.1 MT in 1966, 490.2 MT in 1972,

506.3 MT in 1977, 553.3 MT in 1982, 583.6 MT in 1987, 615.4 MT

in 1992, and 620.6 MT in 1997. In 2003, there was a minor dip in

animal waste generation, with India producing 617.2 MT. However,

2007 brought a resurgence, with animal waste generation

rebounding to 664.3 MT. In 2012, there was a slight dip once

more, yielding 657.4 MT, but it quickly rebounded in 2019,

reaching 667.7 MT (Figure 2a).
3.1.2 Animal category-wise waste generation
Animal waste generation varies greatly among different

domesticated animals. The breakdown of animal waste generation

in India by animal category in 2019 reveals that cattle and buffalo

are the primary sources, accounting for over 90% of the total
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generation (Figure 2a). In 2019, cattle produced 353.1 MT (52.9%)

of animal waste, while buffalo contributed 248.6 MT (37.2%),

highlighting the significant role of these animals in the country’s

waste generation. Poultry is the next important contributor to

animal waste, with 31.1 MT, or 4.66% of animal waste. Sheep and

goats are also important sources of animal waste generation, with

8.1 MT (1.22%) and 16.3 MT (2.44%) generated in 2019,

respectively (Figure 2b). While these quantities are smaller

compared to cattle and buffalo, they still make a significant

contribution to the country’s animal waste generation. In 2019,

horses produced 1.74 MT of animal waste, camels generated 1.00

MT, pigs generated 6.61 MT, mules generated 0.31 MT, donkeys

generated 0.74 MT, and yaks generated 0.16 MT (Figure 2c). The

trend analysis of animal waste generation from 1951 to 2019

revealed that the generation of cattle, buffalo, sheep, goat, pig,

mules, and poultry increased annually by 0.24%, 1.53%, 0.90%,

2.15%, 1.06%, 0.33%, and 25.4%, respectively. On the contrary,

horse, camel, and donkey annual waste generation decreased

by -0.77, -0.58, and -0.91, respectively (Figure 2d).

3.1.3 State-wise animal waste generation
Animal waste generation in India varies greatly among states

(Table 2). In 2019, Uttar Pradesh led in animal waste generation

with 112.4 (16.8%) MT/year, followed closely by Rajasthan, Madhya

Pradesh, Bihar, and Gujarat at 61.4 (9.2%), 59.95 (9.0%), 48.1

(7.2%), and 43.1 (6.5%) MT/year, respectively, due to their
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significant livestock populations. Maharashtra, West Bengal, and

Andhra Pradesh also contribute significantly, generating 42.7

(6.4%), 41.4 (6.2%), and 29.1 (4.3%) MT/year, respectively. In

contrast, the UTs of Andaman and Nicobar, Lakshadweep, Dadra

and Nagar Haveli, Chandigarh, Daman and Diu generate minimal

animal waste, with 0.16, 0.02, 0.08, 0.06, and 0.01 MT/year,

respectively. In the north-eastern region of India, Assam takes the

lead in animal waste generation with 24.7 (3.7%) MT/year, followed

by Meghalaya at 2.44 (0.4%) MT/year.

3.1.4 N generation through animal waste: a
comparison between the state and animal
species

The total N generation from different animal species is 4.49 MT

per year (Table 2). Among the states, Uttar Pradesh emerges as the

leading contributor to total N generation, accounting for a

substantial 15.1% (6.79 lakh tons) of the total N generation.

Following closely, West Bengal, Rajasthan, and Madhya Pradesh

contribute 12.1% (5.44 lakh tons), 8.7% (3.90 lakh tons), and 8.2%

(3.65 lakh tons), respectively. Bihar, Maharashtra, and Gujarat also

exhibit noteworthy contributions, contributing 6.5%, 6.1%, and

6.0%, respectively. Andhra Pradesh, Karnataka, and Tamil Nadu

each contribute around 3.8-4.4% to the total N generation.

Jharkhand and Telangana contribute approximately 3.6% and

3.5%, respectively. Small union territories and states like

Chandigarh, Lakshadweep, and Goa show comparatively modest
FIGURE 2

Trend analysis of quinquennial dung generation from different animals using the Mann-Kendall test and Sen’s slope estimator.
(The p-values of <0.01, 0.01, and >0.05 indicate a highly significant, a significant, and a non-significant trend. Sen’s slope estimator represents the
change in dung generation per 5 years). (a) Waste production through cattle, buffalo, and all livestock (total), (b) Waste generation through sheep,
goat, pig, and poultry, (c) Waste generation through mules and yaks, and (d) Waste generation through horses, camel, and donkeys.
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TABLE 2 State-wise organic waste generation and its nutrient value.

Animal waste Crop residue Oil meal Total NPK (t)

meal (kg) N (t) P (t) K (t)

0 0 0 2904

70 34338 3183 5149 933148

1 1033 152 194 25831

38 6054 898 1153 503402

5 3396 540 659 1081905

0 0 0 926

4 5560 902 874 531029

0 0 0 2201

0 0 0 145

141 21 27 11136

17 1 2 5481

708 237885 26289 38883 1692778

30 36535 5497 7003 814351

224 36 40 111365

8 1319 196 250 151334

80 9405 1315 1773 540124

80 44472 7115 6694 1004968

9 1 1 76545

0 0 0 307

668 346838 70039 51301 2503480

845 360977 75763 51717 2043534

2 760 108 142 27854

360 53 65 44209

31 4 5 7554

4 1248 182 237 26489

5 5671 974 951 555501

(Continued)
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States Dung (MT/year) N (t/year) P (t/year) K (t/year) Residue (MT) N (t) P (t) K (t) Oi

AN 0.159 1164 636 588 0.0 174 22 319 0

Andhra Pradesh 29.053 196627 84503 136315 24.6 184462 21144 267427 479

Arunachal Pradesh 0.990 6001 2628 4749 0.6 3920 504 6651 194

Assam 24.684 155738 61742 117159 9.0 55896 7056 97706 116

Bihar 48.099 293280 102048 244400 28.3 152006 18904 266672 657

Chandigarh 0.055 342 123 269 0.0 63 8 121 0

Chhattisgarh 22.410 137954 49768 110510 12.5 78877 9705 136879 852

DNH 0.079 492 179 383 0.1 401 50 696 9

Daman and Diu 0.005 34 14 23 0.0 26 3 45 0

Delhi 0.596 3578 1303 3091 0.2 991 134 1850 271

Goa 0.211 1307 526 997 0.2 901 109 1620 228

Gujarat 43.269 266747 92868 217119 43.0 390066 35165 387756 364

Haryana 15.318 100789 41060 68726 36.4 192862 25062 336817 702

Himachal Pradesh 5.144 31492 11007 26788 2.5 13726 1917 26135 404

Jammu and Kashmir 7.479 47323 17847 39444 2.6 14683 1992 28280 252

Jharkhand 26.455 163419 60371 132100 8.6 65260 8088 98392 175

Karnataka 26.604 172418 68697 130622 40.6 237486 25350 312115 640

Kerala 3.994 29476 14738 15184 1.0 5777 720 10639 125

Lakshadweep 0.018 151 89 66 0.0 0 0 0 0

Madhya Pradesh 59.947 365413 126650 306174 76.9 478812 60267 697986 512

Maharashtra 42.728 271895 104004 207706 86.4 437888 45587 487997 515

Manipur 0.889 6250 3252 3403 0.8 5090 602 8248 141

Meghalaya 2.443 15172 6627 11425 0.6 3576 472 6459 672

Mizoram 0.379 2436 1422 1531 0.1 728 90 1306 541

Nagaland 0.581 3714 2084 2407 1.0 5842 736 10039 236

Odisha 21.054 132074 49059 103669 14.2 91176 11541 160385 917
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TABLE 2 Continued

Animal waste Crop residue Oil meal Total NPK (t)

ar) K (t/year) Residue (MT) N (t) P (t) K (t) Oil meal (kg) N (t) P (t) K (t)

764 0.2 879 89 1339 503 36 3 5 4464

69683 52.3 276717 36334 519428 33916 1792 288 339 1028054

324432 60.5 466601 55070 587750 4546505 270331 40973 46104 2314497

1631 0.1 828 116 1574 1650 86 13 16 7229

107676 25.7 176431 18420 248371 568527 41228 3723 6087 850659

111239 22.2 140077 18838 228363 422600 29323 4935 4350 758682

7945 1.4 8898 1107 15413 7883 468 61 77 49383

568353 172.4 827712 89348 1254638 701959 38326 5624 6989 3700504

28711 4.5 21951 2507 34917 17264 1051 189 172 138074

201376 33.2 213690 27793 366377 584821 32803 4512 5783 1701528

3306657 762.8 4554821 524889 6610908 23288492 1513640 254003 237319 23254771
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States Dung (MT/year) N (t/year) P (t/ye

Puducherry 0.155 978 370

Punjab 14.515 90404 33070

Rajasthan 61.415 390407 132830

Sikkim 0.339 2116 850

Tamil Nadu 24.617 171337 77385

Telangana 23.001 155187 66370

Tripura 1.708 10896 4519

Uttar Pradesh 112.390 679037 230478

Uttarakhand 5.761 35703 12873

West Bengal 41.358 543678 305516

Total 667.9 4485028 1767505

AN, Andaman and Nicobar; DNH, Dadra and Nagar Haveli3.4.
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N generation, aligning with their smaller livestock populations. A

closer examination of livestock category-wise N generation reveals

that cattle and buffalo are the major contributors, accounting for

47.2% and 33.3% of the total N generation, respectively,

emphasizing their pivotal role in the N generation (Figure 3b).

Poultry, Goat, and Sheep account for 13.9%, 2.5%, and 1.3% of the

total N generation, respectively. Camel, mules & donkeys, and

horses & ponies each contribute less than 0.5% of the total

N generation.

3.1.5 P generation through animal waste: a
comparison between the state and animal
species

The total annual P generation across various animal species

amounts to 1.77 MT. Similar to N patterns, cattle (39.9%), buffalo
Frontiers in Agronomy 11
(28.1%), and poultry (25.6%) emerge as primary contributors to P

generation, collectively constituting 93.7% of the total (Figure 3c).

In contrast, pigs, goats, and sheep collectively contribute 5.3%.

Estimation of P generation from animal waste highlights a distinct

divergence in poultry manure’s contribution to N and P generation.

Specifically, poultry contributes substantially to P generation,

accounting for 25.6% of total generation, a value closely aligned

with buffalo (28.1%). While the poultry contribution to N

generation was only 13.9%. This discrepancy is directly correlated

with the elevated P concentration within poultry manure. When

examining P generation at the state level, West Bengal emerges as

the leading contributor, representing a substantial 17.3% of the total

P generation. Following closely, Uttar Pradesh, Rajasthan, and

Madhya Pradesh contribute 13.0%, 7.5%, and 7.2% of the total P

generation, respectively. The Southern states, Andhra Pradesh,
FIGURE 3

Animal species-wise organic waste and nutrient generation. (a) organic waste generation by different animals, (b) nitrogen generation through
animal waste, (c) phosphorus generation through animal waste, and (d) potassium generation through animal waste.
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Tamil Nadu, Karnataka, and Telangana, constitute 4.8%, 4.4%,

3.9%, and 3.8% of the total P generation, respectively (Table 2).

3.1.6 K generation through animal waste: a
comparison between the state and animal species

The total K generation in a year due to animal waste is 3.31 MT.

Among the animal species, cattle emerge as the predominant

contributors, representing a substantial 53.4% of the total K

generation, while buffalo contribute 37.6% (Figure 3d). Goats and

sheep contribute 4.4% and 2.2%, respectively, while poultry

contributes 0.07%. Unlike N and P, the contribution of poultry to

total K generation is very meager. Horse & ponies and pigs

contribute 0.3% and 1.0%, respectively. The breakdown of K

generation across states highlights Uttar Pradesh as the foremost

contributor, making up a significant 17.1% of the total. In close

succession, Rajasthan and Madhya Pradesh contribute 9.81% and

9.26%, respectively. Bihar, Gujarat, Maharashtra, and West Bengal

also play crucial roles, contributing 7.4%, 6.6%, 6.3%, and 6.1%,

respectively (Table 2). Meanwhile, Southern states like Andhra

Pradesh, Karnataka, Telangana, and Tamil Nadu contribute 4.1%,

3.95%, 3.4%, and 3.3%, respectively.
3.2 Annual crop residue generation in India

Annually, India generates 762.8 MT of crop residue, with

notable disparities among its various states (Table 2). Among the

states, Uttar Pradesh leads in generation with 172.4 MT (22.6%),

followed by Maharashtra with 86.4 MT (11.3%), Madhya Pradesh

with 76.9 MT (10.1%), Rajasthan with 60.5 MT (7.9%), Punjab with

52.3 MT (6.9%), Gujarat with 43.0 MT (5.6%), Karnataka with 40.6

MT (5.3%), and Haryana with 36.4 MT (4.8%). Crop-wise residue

analysis revealed that rice, wheat, and sugarcane contribute 23.4%

(178.3 MT), 24.1% (183.7 MT), and 22.8% (173.7 MT), respectively,

to the annual crop residue generation (Figure 4a). Other significant

contributors include maize (5.6%), soybean (4.2%), groundnut

(3.9%), chickpea (3.4%), and rapeseed & mustard (2.8%). A

significant portion (56.5%) of annual crop residue originates from

cereals and millets, highlighting their dominant role. Sugarcane

contributes 22.8%, while oilseeds, pulses, and fiber crops account

for 11.7%, 6.83%, and 2.1%, respectively.

3.2.1 N, P, K generation through crop residue
The annual generation of total N, P, and K through crop

residues amounts to 45.6, 5.25, and 66.1 lakh tons, respectively

(Table 2). Notably, significant contributions to this generation come

from the states of Uttar Pradesh, Madhya Pradesh, Rajasthan,

Maharashtra, Punjab, Gujarat, West Bengal, Karnataka, and

Haryana. Among the crops, cereals and millets make a substantial

contribution, accounting for 51.7% of the total N generation. In

comparison, pulses contribute 18.5%, and various oilseeds

collectively account for 14.8% of the total N generation

(Figure 4b). Notably, rice and wheat emerged as the primary

contributors, each representing 23.9% and 20.1%, respectively, of

the total N generation. Following closely, sugarcane stands as the
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third major crop, contributing 13.4%, followed by groundnut

(10.5%). Similar to N, for P and K, cereals and millets are the

major contributors, collectively accounting for 60.7% and 69.1% of

total P and K generation, respectively. Meanwhile, pulses and

oilseeds contribute almost an equal share. Specifically, for P,

pulses and oilseeds contribute 15.4% and 13.4%, respectively

(Figure 4c). Similarly, for K, pulses and oilseeds contribute 10.7%

and 9.6%, respectively (Figure 4d). Notably, rice, wheat, and

sugarcane emerged as the primary contributors to P and K

generation through crop residue, with each accounting for 26.3%,

24.1%, and 6.6% of total P and 30.9%, 27.2%, and 8.9% of the total K

generation through crop residue, respectively.
3.3 Oil meal generation and its nutrient
value

3.3.1 Oil meal generation
The total oil meal generation in India is 23.2 MT/year. Madhya

Pradesh (22.0%) and Maharashtra (22.1%) are the top contributors

to the total oil meal generation, together accounting for

approximately 44.2% of the total generation (Table 2). Gujarat

(15.6%) and Rajasthan (19.5%) also make substantial contributions,

with a combined share of around 35.1%. The southern states (Tamil

Nadu, Kerala, Karnataka, Telangana, and Andhra Pradesh)

collectively contribute around 9.0% of the total oil meal

generation in India. Karnataka (2.8%) leads among the southern

states in terms of oil meal generation, followed by Tamil Nadu

(2.4%) (Table 2). Soybean accounts for the highest oil meal

generation among the crops, with a share of 47%, followed by

Rapeseed & Mustard, accounting for 23.5%, Groundnut for 22.6%,

and Castor for 4.2%. Together, these crops contribute 96.8% to the

total oil meal generation (Figure 5a).
3.3.2 NPK generation through oil meal
The total N, P, and K generation through oil meal in India is

1.51, 0.25, and 0.24 MT/year, respectively (Table 2). Madhya

Pradesh (22.9% of N, 27.6% of P, and 21.6% of K) and

Maharashtra (23.8% of N, 29.8% of P, and 21.8% of K) are

consistently the top contributors to total N, P, and K generation

through oil meals. Rajasthan, Gujarat, and Uttar Pradesh also

maintain their significant contributions in each category.

Collectively, the southern states contribute around 9.9% (N), 7.5%

(P), and 9.4% (K) to the total generation, although their individual

contributions are relatively lower compared to the major northern

states. Karnataka leads among the southern states in terms of total

N, P, and K generation through oil meals, followed by Tamil Nadu.

Among the Eastern Indian states, West Bengal emerges as the top

state with a share of N-2.2%, P-1.8%, and K-2.4% in total generation

(Table 2). Among the crops, soybean contributes the highest N, P,

and K generation with 0.77 (50.7%), 0.16 (64.8%), and 0.11 (46.2%)

MT/year, respectively, followed by Groundnut (N-25.5%, P-13.4%

and K-24.0%) and Rapeseed & mustard (N-18.8%, P-16.7% and K-

23%). Combining the contributions of Soybean, Groundnut, and

Rapeseed & mustard, collectively, they account for approximately
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95% of N (Figure 5b) and P (Figure 5c) generation and 93% of K

generation (Figure 5d).
3.4 Total N, P, and K generation through
various organic waste in India

The total generation of N, P, and K in India through various

organic sources amounts to 10.6 MT, 2.6 MT, and 10.2 MT,

respectively. Among the major states, Uttar Pradesh stands out

prominently for its substantial contribution, accounting for 14.6%

of N (Figure 6a), 12.3% of P (Figure 6b), and 18% of K (Figure 6c)

generation. Madhya Pradesh, which exhibits the second-highest

generation, contributing 11.3% of N, 10.1% of P, and 10.4% of K

generation. Following closely, Rajasthan contributes 10.7% of N,

9.0% of P, and 9.4% of K generation. Gujarat (8.5% of N, 6.1% of P,
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6.3% of K), Maharashtra (10.2% of N, 8.9% of P, 7.36% of K), and

West Bengal (7.5% of N, 13.3% of P, 5.6% of K) also make

substantial contributions. Additionally, states like Punjab,

Haryana, Karnataka, Tamil Nadu, and Andhra Pradesh

contribute noteworthy quantities, although comparatively lower

when juxtaposed with the major states.

Animal waste is a significant contributor to organic nutrient

sources, accounting for 42.5% of the total N, 69.4% of the total P,

and 32.6% of the total K derived from organic waste. This

underscores its role as the primary source of organic phosphorus,

surpassing both crop residue and oil meal. In contrast, crop residue

plays a dominant role in providing organic K, contributing 65.1% of

the total K, along with 43.2% of the total N and 20.6% of the total P.

This highlights its importance as a key organic source of K,

outweighing both animal waste and oil meal. On the other hand,

oil meal makes a relatively minor contribution to organic nutrient
FIGURE 4

Crop-wise residue generation and its nutrient value. (a) total crop residue generation by different crops, (b) nitrogen generation through crop
residue, (c) phosphorus generation through crop residue, and (d) potassium generation through crop residue.
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pools, accounting for only 14.3% of the total N, 10.0% of the total P,

and a mere 2.3% of the total K. Despite being nutrient-dense,

particularly in N and P, the limited generation volume of oil meal

compared to animal waste and crop residue results in its lower

overall contribution to N, P, and K levels in organic waste.
3.5 Organic waste availability

The average availability of organic waste, comprised of animal

waste, crop residue, and oil meal in India, is 10.1 t/ha, and it varies

significantly between the states (Table 3). Crop residue emerges as the

largest contributor to organic waste availability in India, with an

average of 5.4 t/ha, followed closely by animal waste with 4.7 t/ha. In

comparison, oil meal makes relatively smaller contributions (0.16 kg/

ha) to organic waste availability. The Union Territories of Chandigarh
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and Delhi demonstrated a notably higher per-hectare organic matter

availability, with 66.4 t/ha and 35.6 t/ha, respectively. Puducherry and

the Andaman &Nicobar Islands exhibited approximately 21.9 t/ha and

12.4 t/ha, respectively. Among the states, excluding the union

territories, Jharkhand displayed a higher per-hectare organic matter

availability (26.4 t/ha). In Bihar, Assam, Himachal Pradesh, Jammu &

Kashmir, Meghalaya, and Uttarakhand, organic waste availability

ranged from 12.5 to 16.5 t/ha (Table 3). It is noteworthy that the

annual total organic waste availability of Sikkim state is only 6.3 t/ha.
3.6 NPK consumption through inorganic
fertilizers

The utilization of N, P, and K fertilizers per-hectare in India

exhibited substantial disparities across various states and UTs. On
FIGURE 5

Crop-wise oil meal generation and N, P, K generation through oil meal. (a) total oil meal generation by different oilseed crops, (b) total nitrogen
generation through oil meal, (c) total phosphorus generation through oil meal, and (d) total potassium generation through oil meal.
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average, the annual (2020-21) consumption of N, P, and K through

inorganic fertilizers stands at 101, 44, and 16 kg/ha, respectively,

culminating in a total of 161 kg NPK/ha (Table 3). Notably, some

states/UTs showed higher total NPK consumption through

inorganic fertilizers, with Puducherry leading at 451 kg/ha,

followed by Telangana at 315 kg/ha, and Andhra Pradesh at 278

kg/ha. Among three major nutrients, N emerges as the predominant

nutrient consumed via fertilizers, with conspicuous discrepancies

across states. For instance, Puducherry records a staggering 314 kg/

ha of N consumption, while Telangana and Andhra Pradesh exhibit

203 kg/ha and 156 kg/ha, respectively, in stark contrast to the

national average of 101 kg/ha. Bihar (258 kg/ha), Haryana

(222 kg/ha), Punjab (246 kg/ha), and Uttar Pradesh (210 kg/ha)

also manifest significantly elevated levels of NPK consumption

through fertilizer. Conversely, several northeastern states, such as
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Sikkim, Meghalaya, and Arunachal Pradesh, along with

Lakshadweep, report no fertilizer consumption. Nagaland, on the

other hand, records 1 kg of N and zero kg P and K fertilizer

consumption (Table 3). Among the northeastern states, only

Manipur and Tripura exhibit significant inorganic fertilizer

consumption (33 kg NPK/ha).
3.7 NPK balance between organic waste
and inorganic fertilizers

The NPK balance between organic waste and inorganic

fertilizers revealed that out of the 36 states and UTs, 10 have

exhibited a negative NPK balance (Table 3). Among the states,

Telangana, Puducherry, and Karnataka showed the highest negative
FIGURE 6

State-wise total nutrient generation through various organic waste (In ‘000 Tonne/year). (a) total nitrogen generation from organic waste, (b) total
phosphorus generation from organic waste, (c) total potassium generation from organic waste, and (d) total NPK generation from organic waste.
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TABLE 3 State-wise per-hectare organic waste availability (t/ha) and NPK balance between organic waste and fertilizers.

Organic waste availability NPK availability via OW (kg/ha) Fertilizer (kg/ha) Deficit or Surplus (kg/ha)

P K Total N P K Total

0 0 8 82 44 60 186

85 37 278 -86 -66 32 -120

0 0 0 45 14 48 107

14 12 70 36 12 67 115

62 23 258 -85 -38 79 -44

0 0 0 405 131 390 926

48 13 155 -45 -35 40 -40

15 0 38 55 5 94 154

0 0 0 5 2 6 13

29 5 215 33 37 221 291

6 6 25 6 -1 14 19

39 11 160 -19 -23 54 12

48 6 222 -76 -28 108 4

12 11 65 45 12 89 147

33 26 161 -15 -6 67 45

32 3 114 100 21 172 293

51 26 164 -47 -42 13 -76

15 29 78 -17 -7 -17 -41

0 0 0 76 45 33 153

39 5 111 9 -23 61 48

49 25 148 -9 -35 20 -25

6 4 32 7 4 25 36

0 0 0 76 28 71 175

1 0 6 17 10 20 46

0 0 1 27 8 33 68

40 19 135 -22 -25 45 -2

(Continued)
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16
States
AW (t/ha) CR (t/ha) OM (kg/ha) Total OW (t/ha) N P K Total N

AN 10.6 1.8 0.00 12.4 89 44 60 194 8

Andhra Pradesh 4.9 4.2 0.08 9.1 70 18 69 158 156

Arunachal Pradesh 4.1 2.7 0.08 6.8 45 14 48 107 0

Assam 9.1 3.3 0.04 12.4 80 26 79 185 44

Bihar 9.5 5.6 0.01 15.1 89 24 101 214 174

Chandigarh 55.3 11.1 0.00 66.4 405 131 390 926 0

Chhattisgarh 4.8 2.7 0.02 7.6 48 13 54 115 94

DNH 6.9 5.2 0.00 12.1 78 20 94 191 23

Daman and Diu 0.4 0.3 0.00 0.8 5 2 6 13 0

Delhi 27.1 8.5 0.12 35.6 214 66 226 506 182

Goa 1.7 1.2 0.00 2.9 18 5 21 43 12

Gujarat 4.4 4.4 0.37 8.8 91 16 66 172 110

Haryana 4.2 10.1 0.19 14.3 91 20 114 226 168

Himachal Pradesh 9.8 4.7 0.01 14.5 86 25 101 212 41

Jammu and Kashmir 10.2 3.6 0.03 13.8 86 27 92 206 102

Jharkhand 19.9 6.5 0.13 26.4 179 53 175 407 79

Karnataka 2.3 3.5 0.06 5.9 40 9 39 88 87

Kerala 2.0 0.5 0.00 2.4 17 8 13 38 34

Lakshadweep 8.8 0.0 0.00 8.8 76 45 33 153 0

Madhya Pradesh 3.8 4.9 0.32 8.7 75 16 67 158 66

Maharashtra 2.6 5.2 0.31 7.8 64 14 45 123 74

Manipur 2.2 2.0 0.03 4.2 30 10 29 68 23

Meghalaya 9.7 2.3 0.03 11.9 76 28 71 175 0

Mizoram 2.6 0.9 0.00 3.5 22 10 20 52 5

Nagaland 1.5 2.5 0.06 4.0 28 8 33 69 1

Odisha 5.0 3.4 0.02 8.4 55 15 63 133 77
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TABLE 3 Continued

Organic waste availability NPK availability via OW (kg/ha) Fertilizer (kg/ha) Deficit or Surplus (kg/ha)

Total OW (t/ha) N P K Total N P K Total N P K Total

21.9 126 31 141 298 314 80 57 451 -188 -49 83 -153

16.2 89 17 143 249 191 49 7 246 -101 -32 136 3

6.8 63 13 53 129 49 20 1 70 14 -7 52 59

6.3 39 13 42 94 0 0 0 0 39 13 42 94

10.4 80 21 75 176 114 48 36 198 -33 -27 39 -22

7.6 55 15 58 128 203 82 30 315 -148 -67 28 -187

12.3 79 22 92 194 15 13 5 33 65 10 87 161

17.4 94 20 112 226 148 53 9 210 -53 -33 103 16

16.5 95 25 103 222 117 28 8 154 -23 -3 95 69

14.1 150 64 109 322 80 52 42 175 69 12 67 148

10.1 74.6 18.0 71.7 164.3 101 44 16 161 -26 -26 56 3

Crop residue; OM, Oil meal; OW, Organic waste.
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States
AW (t/ha) CR (t/ha) OM (kg/ha)

Puducherry 10.3 11.6 0.03

Punjab 3.5 12.7 0.01

Rajasthan 3.4 3.4 0.25

Sikkim 4.4 1.9 0.02

Tamil Nadu 5.1 5.3 0.12

Telangana 3.9 3.7 0.07

Tripura 6.7 5.6 0.03

Uttar Pradesh 6.9 10.5 0.04

Uttarakhand 9.3 7.2 0.03

West Bengal 7.8 6.3 0.11

India 4.7 5.4 0.16

AN, Andaman and Nicobar; DNH, Dadra and Nagar Haveli; AW, Animal waste; CR,
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balance of 187, 153, and 120 kg NPK/ha, respectively. Whereas

Bihar, Chhattisgarh, and Kerala showed a negative balance of ~ 40

kg NPK/ha. Tamil Nadu and Maharashtra showed a negative

balance of 20–25 kg NPK/ha. The remaining all other states

showed a positive NPK balance (Figure 7). It is important to note

that the agriculturally most intensive states, viz. Punjab and

Haryana showed a positive balance of 3 to 4 kg NPK/ha. This

highlights the potential for most of the states to fulfill the

agricultural nutrient demands and maintain soil health through

organic waste. However, the examination of individual nutrient-

wise balance revealed significant disparities between states. Out of

36 states, 16 and 19 states displayed negative N and P balance,

respectively, indicating a pronounced dependence on inorganic

fertilizer for N and P nutrition in most states. However, K supply

through organic sources is prevalent across almost all states, barring

Kerala (Table 3).

Among N and P, N is the most important nutrient that

contributes to the maximum negative balance. In states like

Punjab, Haryana, Uttar Pradesh, Bihar, Andhra Pradesh, and

Telangana, where intensive agriculture is practiced, the N balance

was found to be highly deficit (< -50 kg/ha). Similarly, the P balance

was highly deficit in Andhra Pradesh and Telangana. On average,

the availability of N, P, and K through organic waste stands at 74.6,

18, and 71.7 kg/ha, respectively, resulting in a total NPK availability

of 164.3 kg/ha. In contrast, the average per-hectare consumption of

N, P, and K through inorganic fertilizer is 101, 44, and 16 kg/ha,
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respectively, resulting in a total NPK consumption of 161 kg/ha

(Table 3). The difference in the national average NPK between

organic waste and inorganic fertilizer is only 3 kg/ha. While the total

NPK balance is positive, N and P show significant deficits

(-26 kg/ha each), whereas K exhibits a substantial surplus (+56

kg/ha). This indicates that the positive overall balance is primarily

driven by the higher availability of K through organic sources. The

limited availability of N and P from organic sources underscores the

necessity of supplementing with inorganic N and P fertilizers to

ensure sustainable agricultural practices.
4 Discussion

4.1 Animal waste generation trend in India
from 1951 to 2019

India’s burgeoning livestock population, primarily cattle,

buffalo, and poultry, has led to a substantial increase in animal

waste generation since 1951. In 2019, animal waste output reached

667.7 MT, a hefty 62% increase from the 412 MT produced in 1951.

Despite its potential as a valuable resource, inefficient collection and

storage result in significant nutrient losses and environmental

problems, including greenhouse gas emissions (GHG) and

eutrophication. Efficient livestock waste management systems are

crucial for minimizing environmental pollution and maximizing
FIGURE 7

Comparison of nitrogen (N), phosphorus (P), potassium (K), and total NPK balance across states.
frontiersin.org

https://doi.org/10.3389/fagro.2025.1689121
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Shanmugam et al. 10.3389/fagro.2025.1689121
agricultural benefits (Malomo et al., 2018). Collaborative efforts

between government and farmers are necessary to ensure proper

waste collection, particularly from high-volume producers like

cattle, buffalo, and poultry. This will minimize nutrient losses.

Additionally, government policies that incentivize and facilitate

the generation of biogas and vermicompost from animal waste

are vital. Such a shift would promote the creation of renewable

energy sources while simultaneously curbing GHG (Yadav

et al., 2013b).
4.2 N, P, and K generation through animal
waste

Cattle, buffalo, and poultry emerge as the primary contributors

to N, P, and K generation through animal waste, as these animal

species account for the bulk of animal waste generation. Among

these, cattle alone account for 47% of N, 40% of P, and 53% of K,

primarily due to their higher population over buffalo. Notably,

poultry accounts for 25% of the total P generation from animal

waste, almost on par with buffalo (28%), owing to the higher P

content in poultry manure over cattle and buffalo (FAI, 2012).

States with larger animal populations contribute significantly more

to N, P, and K generation. Uttar Pradesh leads in N and K

generation due to its large cattle and buffalo populations, while

West Bengal leads in P generation because of its higher poultry

population, along with significant cattle and buffalo numbers.

States producing large amounts of N, P, and K from animal

manure have the potential to lessen their reliance on synthetic

inorganic fertilizers like urea, di-ammonium phosphate, and muriate

of potash. Rich in both macronutrients and micronutrients, animal

manure provides a more sustained nutrient release compared to

inorganic fertilizers. Furthermore, its application improves soil health

by enhancing water-holding capacity, structure, texture, and bulk

density (Brar et al., 2015). Thus, the shift toward organic manure

would promotemore sustainable and environmentally friendly farming

practices (Pajura, 2023). However, N from animal manure is prone to

volatilization and leaching, potentially causing water pollution

(eutrophication) and ecological imbalances. Therefore, efficient

collection, storage, processing, and utilization of animal waste are

crucial to minimize N loss and GHG.
4.3 Annual crop residue generation and its
nutrient value

The higher generation of crop residues in Uttar Pradesh,

Maharashtra, Madhya Pradesh, Rajasthan, Punjab, Gujarat,

Karnataka, and Haryana states is primarily attributed to their

large agricultural area and intensive farming practices. These

states practice multiple cropping systems, i.e., cultivating two or

more crops from the same land within the years due to well-

established irrigation infrastructure, leading to higher annual crop

residue generation. Cereals like rice, wheat, and maize are the

primary contributors due to their widespread cultivation in these
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states. Their higher biomass generation compared to other crops,

except sugar cane, further amplifies residue generation. Following

cereals, sugar cane is the largest contributor to total crop residue

generation due to its high biomass generation potential. However,

the N, P, and K content of crop residue does not mirror its overall

volume. Sugarcane trash, for instance, has a significantly lower NPK

content compared to pulses, oilseed crops, and cereals (Tandon,

1995; Pathak and Fagodiya, 2022). Consequently, residues from

cereals, pulses, and oil seeds collectively contribute roughly 85% of

the annual N, P, and K generation through crop residue.

Cereal crop residue, particularly rice and wheat, plays a critical

role in K management. This is because cereal residues boast a higher

K content compared to residues from oilseeds and pulses

(Vijayakumar et al., 2023, Vijayakumar et al., 2024c). While

pulses and oilseeds occupy less land and have lower biological

yields than cereals, their residues contribute a significant 25% of

total N and P due to their rich N and P content. Consequently,

recycling cereal residues becomes particularly crucial in regions

facing K depletion, while those with N and P depletion can benefit

from incorporating pulse and oilseed residues. A prime example is

the rice-wheat cropping system of the Indo-Gangetic Plain,

considered India ’s breadbasket, which is experiencing

unsustainable K mining (Vijayakumar et al., 2024a, Vijayakumar

et al., 2024b). Government policies promoting the proper collection

and recycling of cereal residues could significantly mitigate K

depletion in such intensive cropping systems.
4.4 Oil meal generation and its nutrient
value

Madhya Pradesh and Maharashtra are the primary producers of

oil meal due to their leading position in oilseed production. Soybean,

groundnut, and rapeseed/mustard dominate oilseed production and

subsequent N, P, and K generation through oil meal due to their large

area in the county. Oil meals are rich in essential plant nutrients,

often referred to as concentrated sources of organic manure (Mbewe,

2015). Traditionally, farmers incorporate them into the soil during

land preparation or apply them as top dressing during crop growth

for optimal nutrient supply and pest control (Campos et al., 2016;

Chaudhary et al., 2017). Despite their numerous benefits, their

agricultural use is limited due to high demand in other sectors,

primarily livestock feed production (Sunil et al., 2015; Singh et al.,

2022). For example, groundnut meal and soybean meal are used as

protein-rich feed supplements for livestock (Ancua and Sonia, 2020;

Singh et al., 2022). The higher market value of oil meals in both

domestic and international markets makes their agricultural use

economically less viable (Serrapica et al., 2019).
4.5 Total N, P, and K generation through
various organic waste in India

The generation ratio of N to P to K through various organic

waste in India stands at 4.1:1.0:4.0, respectively. The highest share of
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nutrient is consistently N, primarily due to the elevated N content

found in both animal dung and oil meal. Animal waste is the single

largest source of reusable N, making its collection and processing

vital for national sustainability efforts. In contrast, P generation is

the lowest across all organic waste categories, reflected in the low P

component of the overall ratio (1.0). This lower yield is a critical

finding, indicating that even complete recycling of organic waste

may not fully address the nation’s P requirements. This underscores

the need for strategic supplementation of P from external sources,

or targeted P recovery technologies. The high K generation (4.0) is

attributed primarily to the greater K content naturally present in

crop residues, as potassium is highly mobile and accumulates in

plant stalks and leaves.

Regional disparities are notable when comparing the organic

nutrient generation per unit area. States like Punjab and Haryana,

known for their Green Revolution-driven agriculture, exhibit high

nutrient generation per unit area, reflecting high input intensity. On

the other hand, states like Arunachal Pradesh and Manipur, with

their hilly terrains and less intensive farming, contribute relatively

lesser but still significant amounts of organic nutrients. The data on

organic nutrient generation across Indian states not only reflects the

agricultural landscape but also underscores the need for region-

specific agricultural policies.
4.6 Organic waste availability

Despite having a smaller agricultural area, Chandigarh and

Delhi exhibit a higher availability of organic waste per hectare,

primarily due to the generation of a higher quantity of animal waste

compared to crop residue and oil meal. Large numbers of cattle and

buffalo are raised in these densely populated UTs to meet the high

demand for milk and dairy products, resulting in higher generation

of animal waste compared to crop residue or oil meal. Fodder,

mostly wheat straw, is imported from neighboring states during the

crop harvest to meet the year-round fodder needs of these herds.

Consequently, these combined factors lead to a higher generation of

organic waste in Chandigarh and Delhi than in other states. States

with extensive agricultural activities, such as Punjab and Haryana,

demonstrate moderate to high OM availability. This can be

attributed to the prevalent practice of livestock rearing alongside

crop cultivation, resulting in substantial dung and crop residue

availability. Conversely, states with less intensive agriculture and

livestock rearing, like Kerala and Mizoram, exhibit lower OM

availability. States with significant livestock populations, such as

Bihar and Jammu and Kashmir, showcase relatively higher OM

availability due to greater dung generation.
4.7 NPK consumption through inorganic
fertilizers

The disparities observed among states in the consumption of N,

P, and K fertilizers can be attributed to a multitude of factors,

ranging from soil fertility and cropping patterns to infrastructural
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development and socioeconomic dynamics. Cropping system

influence: States like Punjab and Haryana, with their dominant

rice-wheat cropping system, exhibit a high demand for fertilizers

due to the inherent responsiveness of these crops (Vijayakumar

et al., 2022; Vijayakumar et al., 2024a). Similarly, the rice-rice

system prevalent in southern states like Andhra Pradesh,

Telangana, and Puducherry also leads to high fertilizer use. In

contrast, the hilly terrain and colder climate of northeastern India

favor the cultivation of plantation crops, spices, and other crops that

are less nutrient-demanding. Soil nutrient availability: Southern

states generally have lower levels of readily available N, P, and K

compared to northern and northeastern regions (Choudhury et al.,

2013). Conversely, northeastern states are blessed with soils richer

in organic matter and other nutrients. Irrigation Infrastructure:

Well-developed irrigation systems in southern and northern states

enable multiple cropping cycles throughout the year, further

influencing fertilizer usage (Vijayakumar et al., 2022; Mallareddy

et al., 2023). This contrasts with eastern and northeastern states,

where underdeveloped irrigation infrastructure limits the adoption

of fertilizer-intensive agricultural practices. Consequently, fertilizer

consumption is demonstrably higher in southern and northern

states compared to their eastern and northeastern counterparts.
4.8 NPK balance: a key indicator of organic
agriculture potential

Sikkim maintains 100% of its agricultural land under organic

cultivation despite possessing only 94 kg NPK/ha obtainable from

organic waste (Paunglad, 2022). In stark contrast, Meghalaya, with

nearly double Sikkim’s organic NPK availabilities (175 kg/ha),

presents a compelling case for a full-scale organic transition.

Arunachal Pradesh (107 kg/ha) boasts a similar promise. Even

Nagaland, utilizing minimal inorganic fertilizers (1 kg NPK/ha),

demonstrates potential, although its organic NPK availability is

slightly lower (68 kg/ha). Furthermore, the soils of northeastern

states are rich in organic carbon content (3.5% to 5.5%), further

solidifying their suitability for organic practices (Choudhury et al.,

2013). This scenario paints a promising picture for expanding

India’s certified organic farming, particularly in the Northeast.

Organic products often fetch premium prices, while localized

organic inputs minimize external costs, potentially leading to

significant socio-economic benefits for farmers. However,

unlocking this potential hinges on proactive government policies

and support systems to facilitate large-scale organic certification

across the region.

Similarly, states like Andaman and Nicobar Islands and

Lakshadweep hold promise for adopting 100% organic farming.

The availability of NPK through organic waste in Andaman and

Nicobar and Lakshadweep Islands is 194 kg/ha and 153 kg/ha,

respectively, while the use of NPK fertilizer is insignificant

(7.6 kg/ha in Andaman and Nicobar Islands and negligible in

Lakshadweep). These island territories face limited accessibility to

fertilizers due to their geographical remoteness and limited size.

Therefore, encouraging organic agriculture in these states is a
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particularly suitable approach as it will reduce dependency on

chemical fertilizers and also improve the quality of soil,

environment, and food.

States like Himachal Pradesh, Uttarakhand, Rajasthan,

Jharkhand, and West Bengal exhibit significant potential for

organic farming, as evidenced by their NPK surplus of over 50 kg

NPK per hectare. To harness this potential, both state and central

governments must prioritize the promotion of organic farming

through the implementation of favorable policies, streamlined

certification processes, and robust support systems. Simplifying

and expediting certification procedures in these states will

encourage more farmers to transition to organic practices.

Additionally, it is crucial to establish a reliable market

infrastructure for organic products, ensuring farmers receive fair

prices and reducing their dependence on middlemen, who often

exploit the system. Equally important is the need to provide

comprehensive training programs to farmers, enhancing their

understanding of organic farming techniques and the certification

process. By raising awareness and equipping farmers with the

necessary skills, these states can not only boost organic farming

adoption but also contribute to sustainable agricultural practices

and improved livelihoods.

On the other hand, states such as Haryana, Punjab, Tamil Nadu,

Gujarat, Andhra Pradesh, Karnataka, Bihar, Uttar Pradesh, and

Telangana, renowned for their intensive cultivation and large-scale

farming, have high usage levels of NPK fertilizer. Although these

states produce significant quantities of NPK through organic waste,

it falls short of meeting the entire demand of these states. Therefore,

practices like INM should be encouraged in these states instead of

promoting organic agriculture. Alternatively, policymakers can

promote organic agriculture in these states only in selected areas

after careful consideration of soil nutrient status, cropping pattern,

and quantity of organic waste generation in that particular area.
5 Limitations of the study

Our findings provide valuable insights, though certain

l imitat ions must be acknowledged. The study l ike ly

underestimates organic waste and nutrient generation in India

due to excluded sources. First, urban and household organic

waste, significant in countries like India with a population of 1.4

billion, were not included due to data unavailability, highlighting

the need for standardized methodologies to quantify such waste.

Second, residues from horticultural crops (e.g., fruits, vegetables,

and flowers), which occupy less land but may contribute

substantially, were omitted, necessitating the development of new

approaches to assess horticultural waste. Third, agro-industrial by-

products such as coconut coir, rice husk, and sugar industry

residues were excluded due to data unavailability. Fourth, waste

generated by the fisheries sector (including fish processing waste

and aquaculture waste) was not included. This omission is

particularly relevant in coastal regions and islands where fisheries

are major economic activities and significant local contributors to

organic waste and nutrient streams. These exclusions suggest that
Frontiers in Agronomy 21
the actual organic waste and nutrient generation are likely higher

than reported. These limitations underscore the need for future

research to address these gaps and enhance the accuracy of organic

waste generation estimates in agriculture.
5.1 Challenges in the collection, storage,
and transportation of organic waste

Not all organic waste generated in the country is available for

agricultural or manure purposes. For instance, oil meals are

predominantly utilized in the livestock feed industry, while cattle

and buffalo waste is often used as fuel, clay plaster, and insulation

material. Similarly, animal waste serves a multitude of purposes in

rural Indian life. Approximately 60 million metric tons of cattle

dung were used as cooking fuel till the 1990s (Saxena and Sewak,

2016; Kaur et al., 2017). Dung is also used for plastering walls and

floors of rural mud houses, providing insulation in both winter and

summer (Dash, 2017). Moreover, burning dung cake acts as a

natural mosquito repellent, and the resulting ash is traditionally

used as a cleaning agent for kitchen utensils (Gupta et al., 2016).

Livestock waste is often mixed with bedding material and is

generated continuously across numerous small, dispersed farms.

Collecting it efficiently and consistently from these scattered sources

for centralized processing or application is costly and energy-

intensive. Similarly, unlike concentrated industrial waste, crop

residues are spread thinly across large agricultural fields.

Collection requires specialized machinery (e.g., balers, choppers)

and significant labor and fuel costs that often outweigh the

economic incentive, especially for smallholders.

Livestock waste, in particular, has high moisture content,

leading to rapid microbial activity, nutrient loss (e.g., N

volatilization as ammonia), and potential odor issues. Large-scale,

covered, and appropriately lined storage facilities are necessary to

mitigate environmental contamination and preserve nutrient value,

which represents a substantial capital investment. Similarly, Crop

residues are bulky, which severely limits the amount that can be

transported per trip, dramatically increasing transportation costs

per unit of nutrient. Efficient storage requires compaction or

pelletization. Poor road access in many rural areas and the sheer

volume of material needed to supply processing facilities (like

composting or biogas plants) pose significant barriers. The “farm-

to-processor” distance is a crucial economic determinant

for viability.

Establishing and operating centralized processing facilities (e.g.,

large-scale composting sites) requires significant upfront capital.

Operational costs include labor, energy, equipment maintenance,

and quality control. The final compost must be competitively priced

against synthetic fertilizers, often making the process economically

marginal without government subsidies or a carbon credit market.

Overall, the existing inefficient collection and storage systems for

organic waste in India may further limit the availability of animal

and crop residues for agricultural use. Consequently, the actual

quantity of organic waste accessible for nutrient recycling is likely

lower than the total generated, highlighting a gap between potential
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and utilizable organic resources. Therefore, government policy

should promote proper organic waste collection, storage, and

recycling to bridge this gap.
6 Conclusion

This study provides the first comprehensive state-wise

estimation of organic waste generation and its nutrient potential.

By meticulously quantifying N, P, and K generation from animal

waste, crop residues, and oil meals, it offers valuable region-specific

data essential for strategic agricultural planning. The generated data

is an immediate and actionable resource for policymakers seeking to

transition toward sustainable practices. States with positive nutrient

balances, such as those in the Northeast, Rajasthan, Uttarakhand,

Himachal Pradesh, West Bengal, and Jharkhand, should be

strongly encouraged to expand organic farming. This transition

can be facilitated by strategically utilizing existing government

schemes (e.g., Paramparagat Krishi Vikas Yojana - PKVY, or

Mission Organic Value Chain Development for North Eastern

Region - MOVCD-NER) to subsidize localized waste-to-manure

infrastructure, composting units, and baling equipment.

Conversely, states facing significant N and P deficit balances,

including Andhra Pradesh, Karnataka, Telangana, Odisha, Tamil

Nadu, Maharashtra, Uttar Pradesh, Bihar, Punjab, and Haryana,

must prioritize INM plans to overcome negative balance. By

recycling organic waste efficiently, the nation can reduce its

dependence on costly, imported inorganic fertilizers, thereby

improving economic resilience for farmers and the national

economy. Furthermore, incorporating organic matter back into

the soil improves soil health, carbon sequestration capacity, and

water-holding capacity, which directly contributes to

environmental sustainability and climate resilience. Overall, this

study equips policymakers with the robust, quantitative data needed

to promote sustainable agriculture, optimize resource allocation,

reduce dependence on inorganic fertilizers, and enhance

environmental res i l ience across India ’s diverse agro-

climatic regions.
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