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Methane production, oxidation and mitigation: A mechanistic
understanding and comprehensive evaluation of influencing factors
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H I G H L I G H T S

• Water management (controlled irriga-
tion and midseason drying) is the best
CH4 mitigating option in irrigated rice
field.

• Ammonium based fertilizer having up
to 60% CH4 mitigation potential.

• Biofertilizer (Azolla and Cynobacteria)
are best for sustainable rice cultivation.

• Microbial fuel cells are the least explore
mitigation option in flooded rice field.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o
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Methane is one of the critical greenhouse gases, which absorb longwavelength radiation, affects the chemistry of
atmosphere and contributes to global climate change. Rice ecosystem is one of the major anthropogenic sources
of methane. The anaerobic waterlogged soil in rice field provides an ideal environment to methanogens for
methanogenesis. However, the rate ofmethanogenesis differs according to rice cultivation regions due to a num-
ber of biological, environmental and physical factors like carbon sources, pH, Eh, temperature etc. The interplay
between the different conditions and factors may also convert the rice fields into sink from source temporarily.
Mechanistic understanding and comprehensive evaluation of these variations and responsible factors are urgent-
ly required for designing new mitigation options and evaluation of reported option in different climatic condi-
tions. The objective of this review paper is to develop conclusive understanding on the methane production,
oxidation, and emission and methane measurement techniques from rice field along with its mitigation/abate-
ment mechanism to explore the possible reduction techniques from rice ecosystem.

© 2016 Elsevier B.V. All rights reserved.
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Mitigation of greenhouse gas emission from rice–wheat system of the
Indo-Gangetic plains: Through tillage, irrigation and fertilizer
management
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A B S T R A C T

Rice–wheat cropping systems (RWCS) of the Indo-Gangetic plains (IGP) of India are tillage, water and
energy intensive and an important source of greenhouse gas (GHG) emission. Developing agronomic
management in RWCS that lead to minimum adverse impact on soil, enhances water use efficiency,
reduces GHG emission and are climate resilient is required. The aim of this study was to evaluate different
combinations of GHG mitigation technologies for rice and wheat and to find suitable low carbon options
for RWCS in the IGP. Seven management systems i.e. conventionally tilled wheat (CTW); zero tilled wheat
(ZTW); transplanted puddled rice (TPR); dry direct seeded rice (DSR); intermittent wetting and drying
(IWD); application of neem oil coated urea (NOCU); and surface application of rice residue (RR) were
experimented in six combination of rotations [CTW-TPR, ZTW-TPR, ZTW-IWD, ZTW-DSR, ZTW + RR-DSR
and (ZTW-TPR) + NOCU] for two consecutive years. Among these rotations, ZTW-DSR and ZTW + RR-DSR
showed the lowest global warming potential (GWP) and GHG intensity in both the years. Adoption of
these systems in the Indian-IGP can reduce GWP of the conventional RWCS (CTW-TPR) by 44–47%
without any significant loss in the system yield. This was mainly due to significantly low CH4 emission
(82.3–87.2%) in DSR as compared to TPR due to prolonged aerobic condition under DSR. However,
frequent wetting and drying in DSR led to higher denitrification emissions of N2O (60–70%). Significantly
higher emissions of N2O were observed in ZTW treatments (8–11%). NOCU was found effective in
reducing N2O emission from ZTW (17.8–20.5%) leading to lower GWP as compared to CTW. Application of
rice residue in ZTW treatment also reduced N2O emission (11–12.8%). There was no significant effect of
different treatments in rice on GHG emission from the succeeding wheat crop; however, ZTW and
ZTW + RR were found to enhance CH4 emission from the succeeding rice treatments.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

The yield of major staple food crops (wheat, maize, rice and
soybean) in many regions of the world is being negatively affected
by climate change (IPCC, 2014). On the other hand, agriculture is
also one of the major causes for this change. Agriculture, forestry
and other land use sectors contribute about a quarter (10–12 Gt
CO2 eq. yr�1) of net anthropogenic greenhouse gases (GHG)

emissions (IPCC, 2014). The intensively cultivated rice (Oryza sativa
L.)–wheat (Triticum aestivum L.) cropping system (RWCS) of the
Indo-Gangetic plains (IGP) plays a major role in the food security of
south Asia and is a potential source of GHG and vulnerable to
climate change. The demand for these two cereals is expected to
grow between 2% and 2.5% per annum until 2020, requiring
continued efforts to increase productivity while ensuring sustain-
ability (Gupta and Seth, 2007) and low GHG emission. This system
has also started to show lower marginal returns, physical and
chemical deterioration of the soil and decline in groundwater level
in recen past (Chauhan et al., 2012).
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a b s t r a c t

Landfill Leachate is a heavily contaminated wastewater. MFCs (Microbial Fuel cells) are unique bio-
reactors, which utilize the catalytic activity of microbes for converting the chemical energy stored in
organic-rich streams for bioelectricity production. MFCs represent an auspicious technology to treat
landfill leachate and generate bioelectricity. Here, we evaluated the addition of ferrous sulfate as anodic
coagulant as well as a media component to enhance the MFC performance. The Box-Behnken Design
model of Response surface methodology (RSM) was found suitable for the determination of optimal
conditions for the removal of chemical oxygen demand (COD). COD removal of 78.6% was achieved with
coagulation alone at pH 8, reaction time of 90min, and a coagulant dose of 3 g/L. Ferrous sulfate addition
to MFC, significantly improved COD removal. 99.6% removal of total COD was achieved from 75% of
landfill leachate, at a retention period of four days; whereas, with 100% leachate as anodic feed, 98.7%
COD was removed on the third day. The volumetric power density of 6644.6mW/m3 was achieved
without any catalyst using flexible graphite sheets as electrodes. This study revealed that the integration
of coagulation with MFC technology enhanced the treatment efficiency as well as power generation for
landfill leachate.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Generation of leachate is a noteworthy issue for the sanitary
landfills as well as open dump sites and poses a huge threat of
contamination to the environment. Leachate can be characterized
as a fluid that goes through a landfill and extracts various types of
xenobiotic compounds such as alkalinity, dissolved and suspended
solids, color, and many other substances that add to biological and
chemical oxygen demands (COD) from it [1e3]. In the present
scenario, landfill leachate treatment has become a subject of
considerable interest. The crucial challenge associated with landfill
leachate is its varied quantity and composition. The range of COD of
landfill leachate varies a great deal in magnitude and depends on
the age of the landfill site and the type of waste dumped to the site

ranging from 100 to 70,000mg/L [4]. Therefore, different values of
COD have been reported in recent studies ranging from 1619mg/L
in Quebec province, Canada [5] and 3770mg/L in Matang Landfill
site, Malaysia [6] to 6051mg/L in Rokitno Landfill site, Lublin
Poland, respectively [7].

Based on the chemical constituents and treatment conditions, a
wide range of biological, chemical, and physical methods are being
employed for landfill leachate treatment [3,8e10]. Owing to the
complex chemical nature and large variations in the of landfill
leachate, none of the single treatment technologies has been found
to be suitable for the treatment of landfill leachate [11]. Hence, a
number of recent studies have been directed to deal with the
mature landfill leachate and different technologies have been
suggested such as co-digestion and pre-treatment with coagulants
so as to increase its biodegradability and hence, the removal effi-
ciency [12]. In a recent study, sequencing batch reactor and coag-
ulation were used sequentially for integrated landfill leachate
treatment [11]. Microbial fuel cells (MFCs) are anaerobic
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A B S T R A C T

Integrated use of biological-chemical nitrogen application during rice cultivation is the way forward for sus-
tainable rice production. Experiments were performed to evaluate the effects of Azolla (blue green algae) ap-
plication along with reduced dose of recommended N fertilizer (urea) application on emissions of nitrous oxide
(N2O), methane (CH4), global warming potential (GWP) and greenhouse gas intensity (GHGI) in rice. The study
consisted of nine treatments on growing three rice cultivars Pusa 1509, Pusa RH-10, and Pusa-44 under re-
commended fertilizer (120 kg N ha−1 by Urea), reduced fertilizer along with Azolla application (90 kg N ha−1 by
urea +50 g m−2 Azolla), and low fertilizer along with Azolla application (60 kg N ha−1 by urea +50 g m−2

Azolla). The lowest cumulative seasonal emissions of N2O, CH4, and GWP were observed in LN1509 (81.55mg
N2O m−2), RN1509 (2.476 g CH4 m−2), and RN1509 (110.0 g CO2 eq. m−2), respectively. Application of Azolla
along with the reduced dose of urea did not significantly decrease the yield of rice and the GHGI reduced by
18.41%, 16.88%, and 17.97%, respectively, in Pusa 1509, Pusa RH-10, and Pusa-44 as compared to the re-
commended fertilizer treatment. The findings of this study suggested that the use of Azolla in rice might help in
reducing the application of urea fertilizer by 25% in rice without affecting the rice yields. This will be a win-win
situation for the farmer who will be saving on the cost of fertilizer and for the policy makers as well by mitigating
the greenhouse gas emissions.

1. Introduction

Rice (Oryza sativa L.) is one of the most important global cereal
crops mainly cultivated across Asia (Bhatia et al., 2012a). Continuous
standing water throughout the crop growth period is generally prac-
ticed for higher rice production (Suryavanshi et al., 2013). However,
continued flooding of water in rice creates an anaerobic environment in
soil, which results in lowering the soil redox potential (Eh) (Dubey,
2005). Lower Eh increases the population of methanogenic bacteria
(Jiang et al., 2019). Methanogens consume the soil organic matter as a
carbon source and emit methane (CH4) as a byproduct gas to the

atmosphere (Malyan et al., 2016a). According to the latest data pub-
lished by FAO (2019), the global paddy production in 2017 was around
769 million tonnes and India contributed about 168 million tonnes to
the total global production (FAO, 2019). Rice is a cereal crop for more
than half of the world population and its demand is increasing as the
world population is increasing (Yang et al., 2019; Ranjan and Yadav,
2019). To achieve higher production goals, high yielding rice varieties
are cultivated, which require higher amounts of nitrogenous (N) ferti-
lizers as compared to low yielding rice cultivars (Pathak et al., 2014).
The amount, type, mode of N fertilizer application for rice significantly
affect the emission rate of CH4 and nitrous oxide (N2O) from the rice
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