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ABSTRACT 

With approximately 328.7 Mha land mass and home to a sixth of the global population, 

India is the world's seventh largest and most populous country. Agriculture is the primary 

economic activity in the country, making up about 51.1 % of the total Indian landmass, 

employing 54 % of the population and contributing 17.7 % to the country's GDP. India is 

the second-largest crop producer globally, and the average net sown area was 45.2 % of the 

reported area for land utilization in India (308.3 Mha), with about 143.6 % cropping 

intensity during 2019 - 20. Normal estimates (average of 2015-16 to 2019-20) show that 

approximately 678.7 MT of food grains, pulses, oilseeds and cash crops were harvested 

from 169.8 Mha of the gross sown area. Government estimates showed that rice, wheat, and 

sugarcane cumulatively have 46 % and 85 % shares in India's average sown area and total 

agro production, respectively. 

Year-round crop cultivation generates approximately 600 MT of crop residues in India, used 

as animal fodder and fuel for household cooking and heating in various rural industries such 

as pottery, brick kilns, and rice mills. According to the estimates, India has a potential of 180 

- 240 MT surplus crop residues (left-over residues), out of which 120 - 140 MT crop residue 

is set to open fire in agriculture due to the lack of proper disposal and handling. Rice straw 

(43 - 53 %), wheat straw (26 - 33 %), coarse cereals residue (10 - 12 %), and sugarcane 

residues (10 - 13 %) have a significant share in crop residue in-situ burning. 

Repeated crop-residue in-situ burning adversely affects the environment, soil health and crop 

productivity. Literature suggests that in-situ burning of about 116.8 MT of crop residue 

released approximately 184 MT of GHGs and toxic emissions such as CO2, CH4, N2O, CO, 

NOx, SOx, and others. These pollutants harm the environment and human health and 
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contribute to global warming and climate change. For example, Delhi NCR, Haryana, and 

Punjab face a disastrous smog impact from October to November every year. In-situ burning 

of crop residues also adversely affects the development and maintenance of the soil's 

microbial ecosystem, soil fertility and water-holding capacity and causes it to develop a 

hardened surface, which exuberates soil salination and erosion. Therefore, land degradation 

and loss of agricultural productivity, water quality and biodiversity are repercussions of crop 

residue in-situ burning. 

The Government of India (GoI) has formulated and implemented various technical, 

economic, and policy-level measures such as the institutionalization of the Commission for 

Air Quality Management, the introduction of twin-cutter-combined-harvester, happy seeder, 

zero-seed-cum-fertilizer drill and others to address the in-situ crop residue burning issue. 

These measures aimed to integrate sustainable agricultural practices into the broader 

environmental conservation and climate change mitigation framework. However, these 

interventions could not be popularised due to a lack of technical know-how, sufficient 

economic remuneration, social consciousness and awareness among farmers. 

In this context, crop residue conversion to such end products (like biochar), which can be 

utilized in the agriculture sector and for electricity generation, has been pitched as one of the 

best alternative measures for crop residue management at such a large scale. However, it is 

essential to evaluate the environmental impact of the end application of biochar to declare 

biochar conversion of crop residue and its intended end application as an eco-friendly and 

sustainable route for crop residue management. 

Life cycle assessment (LCA) can be a systemic approach to define, quantify, and evaluate the 

environmental impact of the biochar conversion of crop residues and its end application 

under the umbrella concept of life cycle thinking (LCT). 
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The present research focused on crop residue management in the Indian states of Punjab and 

Haryana through biochar conversion of crop residue and its application for electricity 

generation and carbon sequestration in soil. Three crop residues from the most cultivated 

crops in the study area, namely rice straw (RS), wheat straw (WS) and sugarcane top and leaf 

(STL), have been considered in the study to investigate biochar potential for electricity 

generation and carbon sequestration. Further emission footprint and cost-benefit analysis of 

the proposed pathway of crop residue-biochar system for electricity generation and carbon 

sequestration was done to assess the sustainability and economic viability of the proposed 

pathways in various scenarios. The results showed that biochar produced from RS and WS at 

400 oC (RSB400 and WSB400) and STL at 500 oC (STLB500) suits co-firing. Biochar 

produced from RS and WS at 650 oC (RSB650 and WSB650) and STL at 600 oC (STLB600) 

are suitable for carbon sequestration.  

The estimates showed that approximately 52.2 MT RS, WS and STL are annually produced 

in the study area, of which 21.75±0.17 MT are burned in situ. In-situ burning of RS, WS and 

STL impart 38.8±2.4 MT CO2e emission footprint. On the other hand, it was estimated that 

about 6.83 MT of biochar suitable for co-firing and 5.48 MT of biochar suitable for carbon 

sequestration could be produced from in-situ burned crop residues. Electricity generation 

from crop residue-biochar systems could reduce 9.7 MT coal consumption in the thermal 

power plants of Punjab and Haryana and generate 14.2 GWh of electricity annually. Also, 

13.1 MT CO2e could be achieved from biochar application in the soil for carbon 

sequestration, which could sequestrate 13.1 MT CO2e carbon annually. Scenario analysis 

showed that crop residue in-situ burning and coal-based electricity generation in Punjab and 

Haryana (CuSc) cumulatively imparted 85.5 MT CO2e emission footprint in 2019-20. 

However, crop residue-biochar systems for electricity generation and carbon sequestration 

under the proposed pathway (PP–I and PP–II) would impart 30.7 MT CO2e and 29.9 MT 
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CO2e emission footprint, respectively. Therefore, about 54.7 MT CO2e and 55.6 MT CO2e 

annual emission footprint reduction could be achieved from proposed pathways of crop 

residue-biochar system for electricity generation and carbon sequestration in soil, 

respectively. 

Furthermore, inflation-adjusted annual cost-benefit analysis under life cycle cost analysis 

showed that the proposed pathway of crop residue - biochar system for electricity generation 

with carbon credit monetization of net emission reduction @20 USD/T CO2e and zero-cost 

crop residue scenario is the most profitable and thus economically preferable. 

The sensitivity analysis of input parameters of the emission footprint analysis model under 

proposed pathways showed that an increase in crop yield and decrease in fuel consumption 

(i.e., more efficient transportation systems) present the additional benefits of reduced 

emission footprint of the proposed pathway of crop residue management in Punjab and 

Haryana. Also, sensitivity analysis of input parameters of the cost-benefits analysis model 

under proposed pathways showed that an increase in crop yield and a decrease in cost-related 

expenditure present an additional opportunity to increase net benefit or decrease the revenue 

deficit under various scenarios of the proposed pathway of crop residue management in 

Punjab and Haryana. 
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lkj 

yxHkx 328-7 fefy;u gsDVs;j Hkwfe vkSj oSf'od vkcknh ds NBs fgLls dk ?kj gksus ds lkFk] Hkkjr 

nqfu;k dk lkroka lcls cM+k vkSj lcls vf/kd vkcknh okyk ns'k gSA yxHkx 51-1 % HkwHkkx ij fd;s 

tkus okyk —f"k] Hkkjr esa çkFkfed vkfFkZd xfrfof/k gS] tks dqy  vkcknh ds 54 % fgLls dks 

jkstxkj ds volj eqgS;k djkrk gS vkSj ns'k ds ldy ?kjsyw mRikn esa 17-7 % dk ;ksxnku nsrk gSA 

Hkkjr oSf'od Lrj ij nwljk lcls cM+k Qly mRiknd gS] vkSj lkekU; vuqeku ¼2015 & 16 ls 

2019 & 20 dk vkSlr½ ds vuqlkj 169-8 fefy;u gsDVs;j ds ldy cks, x, —f"k HkwHkkx ls yxHkx 

678.7 fefy;u Vu [kk|kUu] nygu] frygu vkSj udnh Qlyksa dk mRiknu gqvkA Hkkjr ljdkj 

}kjk tkjh fd;s x;s vkadM+ksa ls irk pyk gS fd pkoy] xsgwa vkSj xUus dh lap;h :i ls vkSlr cks, 

x, HkwHkkx esa 46 % vkSj dqy —f"k mRiknu esa 85 % fgLlsnkjh jgh gSA 

Hkkjr esa lkyHkj gksus okys —f"k mRiknu ls yxHkx 600 fefy;u Vu Qly vo'ks"k mRiUu gksrs gSa] 

ftudk mi;ksx i'kq pkjs ds :i esa] ?kjsyw [kkuk idkus vkSj fofHkUu xzkeh.k m|ksxksa esa bZa/ku ds :i esa 

vkSj vU; nqljs mís'; dh iwfrZ gsrq fd;k tkrk gSA vuqekuksa ds vuqlkj] Hkkjr esa çfr o"kZ 180 & 

240 fefy;u Vu Qly vo'ks"k vf/k'ks"k jg tkrs gSa] ftlesa ls 120 & 140 fefy;u Vu vf/k'ks"k 

Qly vo'ks"kksa dks mfpr fuiVku dh deh ds dkj.k [ksrksa ds [kqys okrkoj.k esa gh tyk fn;k tkrk 

gSA [ksrksa ds [kqys okrkoj.k esa lokZf/kd tyk;s tkus okys vf/k'ks"k Qly vo'ks"kksa esa pkoy dh [ksrh 

ls çkIr ijkyh ¼43 & 53 %½] xsgwa dh [ksrh ls çkIr ijkyh ¼26 & 33 %½] eksVs vukt dh [ksrh ls 

çkIr vo'ks"k ¼10 & 12 %½ vkSj xUus dk Åijh Hkkx vkSj iÙkh ¼10 & 13 %½ dk egRoiw.kZ fgLlk 

gksrk gSA 

ckj&ckj Qly vo'ks"kksa dks [ksrksa ds [kqys okrkoj.k esa tykus ls i;kZoj.k] e`nk LokLF; vkSj Qly 

mRikndrk ij çfrdwy çHkko iM+rk gSA lkfgR; ls irk pyrk gS fd 116-8 fefy;u Vu Qly 

vo'ks"kksa dks [kqys okrkoj.k esa tykus ls yxHkx 184 fefy;u Vu xzhugkml vkSj vU; tgjhys xSl 
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tSls CO2, CH4, N2O, CO, NOx, vkSj SOx dk mRltZu gksrk gSaA ;s çnw"kd i;kZoj.k vkSj ekuo 

LokLF; dks uqdlku igqapkrs gSa vkSj Xykscy okfeaZx vkSj tyok;q ifjorZu esa Hkh budk vge ;ksxnku 

gksrk gSaA mnkgj.k ds fy,] vf/k'ks"k Qly vo'ks"kksa dks [ksrksa ds [kqys okrkoj.k esa tykus ls jk"Vªh; 

jkt/kkuh {ks= fnYyh] gfj;k.kk vkSj iatkc gj lky vDVwcj ls uoacj rd Hk;kog /kqa/k ds çHkko dk 

lkeuk djrs gSaA lkFk gh Qly vo'ks"kksa dks [ksrksa ds [kqys okrkoj.k esa tykus ls feêh ds 

lq{etxrh; ikfjfLFkfrdh ra= vkSj tSo fofo/krk] feêh dh moZjrk vkSj ty /kkj.k {kerk ij Hkh 

çfrdwy çHkko iM+rk gS vkSj blls feêh dh mijh lrg l[r gks tkrh gS] ftlls feêh dk 

yo.khdj.k vkSj dVko c<+ tkrk gSA 

Hkkjr ljdkj us vf/k'ks"k Qly vo'ks"kksa dks [ksrksa ds [kqys okrkoj.k esa tykus dh leL;k ls fuiVus 

ds fy, ok;q xq.koÙkk çca/ku vk;ksx dk xBu djus ds lkFk lkFk fofHkUu rduhdh ¼tSls fd 

fV~ou&dVj&dackbaM&gkosZLVj] gSIih lhMj] thjks&lhM&de&QfVZykbtj fMªy½] vkfFkZd vkSj 

uhfr&Lrjh; mik;ksa dks rS;kj vkSj dk;kZfUor fd;k gSA bu mik;ksa dk ewy mís'; O;kid i;kZoj.k 

laj{k.k vkSj tyok;q ifjorZu ds çHkko dks de djus okys —f"k vk/kkfjr çFkkvksa dks ,dh—r djuk 

FkkA gkyk¡fd] rduhdh tkudkjh] i;kZIr vkfFkZd ikfjJfed] lkekftd psruk vkSj fdlkuksa ds chp 

tkx:drk dh deh ds dkj.k bu mik;ksa dks yksdfç; ugha cuk;k tk ldkA  

bl lanHkZ esa] brus cM+s iSekus ij vf/k'ks"k Qly vo'ks"k çca/ku ds fy, Qly vo'ks"kksa dks —f"k {ks= 

vkSj fctyh mRiknu esa mi;ksx gksus okys mRiknksa ¼tSls ck;kspkj½ esa ifjofrZr djus dks lcls vPNs 

oSdfYid mik;ksa esa ls ,d ekuk x;k gSA gkyk¡fd] Qly vo'ks"kksa ds ck;kspkj :ikarj.k vkSj blds 

bfPNr vafre vuqç;ksx dks i;kZoj.k ds fy, vuqdwy Qly vo'ks"k çca/ku ds :i esa ?kksf"kr djus 

ds fy, ck;kspkj ds vafre vuqç;ksx ds i;kZoj.kh; çHkko dk ewY;kadu djuk vko';d gSA Qly 

vo'ks"kksa ds ck;kspkj :ikarj.k vkSj blds bfPNr vafre vuqç;ksx ds i;kZoj.kh; çHkko dk ewY;kadu 

djus ds fy, thou pØ ewY;kadu ¼LCA½ dh N= vo/kkj.kk dk mi;ksx fd;k tk ldrk gSA 

orZeku 'kks/k iatkc vkSj gfj;k.kk esa vf/k'ks"k Qly vo'ks"kksa ds ck;kspkj :ikarj.k vkSj fctyh 
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mRiknu vkSj feêh esa dkcZu vf/k—r djus esa blds vuqç;ksx ds ek/;e ls Qly vo'ks"k çca/ku ij 

fd;k x;kA v/;;u {ks= esa lcls vf/kd [ksrh dh tkus okyh Qlyksa ds rhu Qly vo'ks"kksa & 

pkoy dh [ksrh ls çkIr ijkyh ¼RS½] xsgwa dh [ksrh ls çkIr ijkyh ¼WS½] vkSj xUus dk Åijh Hkkx 

vkSj iÙkh ¼STL½ ls çkIr ck;kspkj dks fctyh mRiknu vkSj feêh esa dkcZu vf/k—r djus dh bldh 

{kerk dk fo'ys"k.k fd;k x;kA lkFk gh lkFk] fofHkUu ifj–';ksa esa Qly vo'ks"k çca/ku ds fy, 

Qly vo'ks"k & ck;kspkj ç.kkyh ds çLrkfor mik;ksa ¼ck;kspkj dk fctyh mRiknu vkSj feêh esa 

dkcZu vf/k—r djus esa vuqç;ksx½ ds i;kZoj.kh; çHkko vkSj vkfFkZd O;ogk;Zrk dk vkdyu fd;k 

x;kA ç;ksxkRed ifj.kkeksa ls irk pyk fd RS vkSj WS ls 400 
oC ¼RSB400 vkSj WSB400½ vkSj  

STL ls 500 
oC ¼STLB500½ ij mRikfnr ck;kspkj fctyh mRiknu ds fy, mi;qä gSA RS vkSj 

WS ls 650 
oC ¼RSB650 vkSj WSB650½ vkSj  STL ls 600 

oC ¼STLB600½ ij mRikfnr ck;kspkj 

feêh esa dkcZu vf/k—r djus ds fy, mi;qä gSaA 

vadxf.krh; x.kuk ls irk pyk fd v/;;u {ks= esa lkykuk yxHkx 52-2 fefy;u Vu RS, WS 

vkSj STL dk mRiknu gksrk gS] ftlesa ls 21-75±0-17 fefy;u Vu dks [ksrksa ds [kqys okrkoj.k esa 

;Fkkor tyk fn;k tkrk gSA RS, WS vkSj STL dks [ksrksa ds [kqys okrkoj.k esa ;Fkkor tykus ls 

38-8±2-4 fefy;u Vu CO2e xzhugkml xSlksa dk mRltZu gksrk gSA ogh¡ nwljh vksj] [ksrksa ds [kqys 

okrkoj.k esa ;Fkkor tyk;s x;s 21-75±0-17 fefy;u Vu Qly vo'ks"kksa ls fctyh mRiknu ds fy, 

mi;qä yxHkx 6-83 fefy;u Vu ck;kspkj vkSj feêh esa dkcZu vf/k—r djus ds fy, mi;qä 5-48 

fefy;u Vu ck;kspkj dk mRiknu fd;k tk ldrk gSA Qly vo'ks"kksa ls fctyh mRiknu ds fy, 

mi;qä yxHkx 6-83 fefy;u Vu ck;kspkj ls iatkc vkSj gfj;k.kk ds rki fo|qr la;a=ksa esa lkykuk 

14-2 GWh fctyh mRiknu ds lkFk&lkFk 9-7 fefy;u Vu dks;ys dh [kir de dh tk ldrh gSA 

lkFk gh] feêh esa ck;kspkj ds vuqç;ksx ls lkykuk 13-1 fefy;u Vu CO2e dkcZu dks feêh esa 

vf/k—r fd;k tk ldrk gSA 
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ifj–'; fo'ys"k.k ls irk pyk gS fd iatkc vkSj gfj;k.kk esa Qly vo'ks"kksa dks [ksrksa ds [kqys 

okrkoj.k esa ;Fkkor tykus vkSj dks;yk&vk/kkfjr fctyh mRiknu ¼CuSc½ ls lap;h :i ls 

2019&20 esa 85-5 fefy;u Vu CO2e xzhugkml xSlksa dk mRltZu gqvkA gkykafd] Qly vo'ks"k 

çca/ku ds fy, Qly vo'ks"k & ck;kspkj ç.kkyh ds çLrkfor mik;ksa] ck;kspkj dk fctyh mRiknu 

vkSj feêh esa dkcZu vf/k—r djus esa vuqç;ksx ¼Øe'k% PP-I vkSj PP-II½ ls lkykuk Øe'k% 30-7 vkSj 

29-9 fefy;u Vu CO2e xzhugkml xSlksa dk mRltZu gksxkA blçdkj] Qly vo'ks"k & ck;kspkj 

ç.kkyh ds çLrkfor mik;ksa] ck;kspkj dk fctyh mRiknu vkSj feêh esa dkcZu vf/k—r djus esa 

vuqç;ksx ¼Øe'k% PP-I vkSj PP-II½ ls lkykuk Øe'k% yxHkx 54-7 vkSj 55-6 fefy;u Vu CO2e 

xzhugkml xSlksa dk mRltZu de fd;k tk ldrk gSA 

blds vykok] thou pØh; ykxr fo'ys"k.k ds rgr eqækLQhfr&lek;ksftr okf"kZd ykxr&ykHk 

fo'ys"k.k ls irk pyk gS fd Qly vo'ks"k & ck;kspkj ç.kkyh ds çLrkfor mik;ksa ds rgr ck;kspkj 

dk fctyh mRiknu esa vuqç;ksx vkSj 20 USD/T CO2e ij dkcZu ØsfMV eqæhdj.k vkSj 'kwU;&ykxr 

ij Qly vo'ks"k vf/kxzg.k ifj–'; vkfFkZd :i ls lokZf/kd ykHkdkjh gSA Qly vo'ks"k çca/ku ds 

fy, Qly vo'ks"k & ck;kspkj ç.kkyh ds çLrkfor mik;ksa ds rgr mRltZu fo'ys"k.k e‚My ds 

buiqV ekinaMksa ds laosnu'khyrk fo'ys"k.k ls irk pyk gS fd Qly dh iSnkokj esa o`f) vkSj bZa/ku 

dh [kir esa deh ¼;kuh] vf/kd dq'ky ifjogu ç.kkyh½ iatkc vkSj gfj;k.kk esa Qly vo'ks"k çca/ku 

ds çLrkfor mik;ksa ds rgr de xzhugkml xSlksa ds mRltZu dk vfrfjä ykHk çLrqr djrh gSA 

lkFk gh] Qly vo'ks"k çca/ku ds fy, Qly vo'ks"k & ck;kspkj ç.kkyh ds çLrkfor mik;ksa ds rgr 

ykxr&ykHk fo'ys"k.k e‚My ds buiqV ekinaMksa ds laosnu'khyrk fo'ys"k.k ls irk pyk gS fd Qly 

dh iSnkokj esa o`f) vkSj ykxr&lacaf/kr O;; esa deh iatkc vkSj gfj;k.kk esa çLrkfor mik;ksa ds 

fofHkUu ifj–';ksa ds rgr 'kq) ykHk dks c<+kus ;k jktLo ?kkVs dks de djus dk ,d vfrfjä 

volj çLrqr djrh gSA 
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