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then dried in a well-ventilated place for 10-24 hours to let the remaining ammonia volatise. It cannot be fed 
until there is no ammonia odor to irritate eyes and noses, but it should not be over dried to avoid adverse 
influence on the ammonisation effect. The ammonisation container should be resealed each time material 
is taken out.

Figure 4.1 Process of straw ammonisation

Source: http://www.hbav.gov.cn/structure/zwxx/hygz/qszw_679_1.htm

b)  Straw silage

To make straw silage, fresh plants are tightly packed in the airtight container, and the sugar contained 
in the raw materials is converted into organic acids (mainly lactic acid) via the anaerobic fermentation 
of microorganisms (mainly lactobacillus). When the lactic acid in the silage material reaches a certain 
concentration (pH lower than 4.2), the activities of other micro-organisms are inhibited and the nutrients 
in the materials are prevented from being broken down or destroyed by micro-organisms. For this reason 
the nutrients in the forage can be retained. A great deal of heat is produced during the process of lactic 
fermentation. When the temperature of silage material rises to 50°C, the activities of lactobacillus stop, 
and the fermentation is over. As the forage for silage is stored under airtight conditions with no microbial 
activities, it can remain unchanged for a long time.

Straw silage production mainly includes the following procedures:

Selection of silage materials
Forage for silage can come from a wide variety of sources. Generally gramineous crops, leguminous crops, 
root tubers, stem tubers, aquatic feeds, and leaves can all be used for silage. Currently the most frequently 
used material is silage corn (with ears), followed by the snapped corn, sorghum stalks, fresh sweet potato 
vines, wild grass, and alfalfa.

Timely harvest
Corn stalks are reaped for silage when wax ripe and yellow-green leaves both account for half.the stalk 
itself. The method of reaping vines before frost and harvesting sweet potatoes after frost should be adopted 
for the silage of sweet potato vines. Gramineous and leguminous forage grass should be reaped at the 
heading and full flower stage, respectively, and then they are mixed into the green corn stalks with the 
proportion of 1:2 for silage.
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Regulation of moisture content 
If the harvested silage materials have high moisture content, they can be appropriately dried in the field 
for 2-6 hours after being harvested to reduce the water content to 65%-70%. If the crop straw has low 
moisture content, they can be added with water or mixed and filled with the newly-cut green materials to 
adjust the moisture content.

Silage container
It mainly includes silage tower, silage trench, silage pillar, silage bag, or bale silage. Silage sites should be 
chosen in high and dry places with good drainage and convenience to prepare and access silage (See 
Figure 4.2).

Chopping
After the forage is transported to the selected place, it must be promptly chopped by the chaff cutter. The 
chopping length depends on the type of forage. Generally, green corn stalk is chopped to 1.5-2.5cm and 
fresh sweet potato vine to 2-4cm. The shorter the cutting length is, the tighter it can be compressed when 
filling, which is more conducive to eliminating air. This will also shorten the period of aerobic activities of 
microorganisms during the silage process to ensure the formation of an anaerobic environment.

Filling and compaction 
The silage materials should be chopped and filled at any time, and compacted well at a depth increment 
of 20-30cm. If the compaction is interrupted for a long period due to other reasons, the upper layer should 
be compacted for a second time when it is refilled to prevent the forage from rebounding. The function of 
compaction is to exhaust air and create the fermentation conditions for anaerobic lactobacillus for silage. 
The tighter the silage materials are filled, the more thoroughly the air is removed, and the better the quality 
of silage is. The filling and compaction time should be short, which is generally less than three days.

Sealing and management 
The silage material should be stacked 50-60cm higher than the pillar (tank) mouth and covered with a layer 
of plastic film. Then it is covered and compacted with earth to form the steamed bun appearance. The soil 
sealing is about 40-50cm thick. There may be cracks that form about one week after storage, and they 
should be repaired quickly to prevent the leakage of water and gas. Sinking usually stops at the tenth day 
after storage. Then the cellar can be earthed up so that the pillar top is 30-40cm above the ground. The 
pillar top should be reworked into the shape of steamed bun, and then finished with plaster. In addition, 
we should prevent trampling by livestock, control rodents, and resist water filtration.

Figure 4.2 Plastic silage bags

Source: Authors
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iii.  Advantages and disadvantages

Advantages of straw ammonisation

1. Saving grain, and reducing the dependence of animal husbandry on grain.

2. Improving palatability and the feed intake of forage by livestock.

3. Increasing the digestibility of organic matters in forage by 10%-12% and doubling the content of 
crude protein. 

4. The materials are easily accessed with simple methods.  

5. Reducing feeding costs and increasing economic benefits.

Disadvantage of straw ammonisation 

1. The ammonia utilisation efficiency is as low as approximately 50%. The surplus ammonia is discharged 
into the environment after the ammonisation facilities are opened, which causes environmental 
pollution and threatens the health of animals and human beings.

Advantages of straw silage

1. Minimal loss of nutrients (generally by less than 10%), and effectively maintains the freshness of 
green feed.

2. Fragrant, soft, and juicy, and therefore, highly palatable to livestock.

3. Expands the application scope of feed sources.

4. Easy to store in large quantities for a long time, as an economical and safe approach for silage.

5. Less restricted by climate and season during storage.

6. The preparation process of silage can kill pathogenic insects, weed seeds, etc. 

7. Improved feed digestibility and reduced methane emissions.

Disadvantage of straw silage

1. The straw silage production process needs to be done quickly.

2. The high degree of mechanisation requires a high investment cost.

iv.  Economics and mitigation potential

Methane emissions of ruminant animals are produced through the normal fermentation of the feed taken 
by animals in the digestive tract. The energy loss in the form of methane by ruminant animals accounts 
for about 2%-15% of the total energy intake (IPCC, 2000). Generally, the amount of methane emissions 
by a single animal increases with the weight of the animal. Higher level methane emission are observed 
under greater the feed intake and with lower feed digestibility. Therefore, the improvement of feed quality 
and animal productivity is an effective approach to reduce methane emissions of ruminant animals (Dong, 
et al., 2008).
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Straw ammonisation and silage can significantly improve the digestibility of forage. One experiment indicated 
that the feed intake was increased by 53% and 32.8%. In addition, the average daily weight gain was 
increased by 126% and 97.4%, by feeding the beef cattle with ammoniated straw and silage, respectively, 
than those by feeding dry corn stalks (Wang, et al., 2008). Dong, et al. (2004) calculated and compared 
methane emissions of ruminant animals after the straw was treated with ammonisation and silage technology 
using the IPCC method, The results showed that the methane emissions were reduced by 16%-30% by 
feeding treated straw than by feeding dry straw. Methane emissions of beef cattle that were fed dry corn 
stalks and corn stalk silage were 229L/d and 196L/d, respectively, under the conditions of identical energy 
intake level and the same ratio of fine feed to coarse feed; the methane emissions of the silage were reduced 
by 14.4% compared to the dry stalk (Fan et al., 2006). Na Renhua et al. (2010) showed that corn straw after 
treatment of silage technology can help improve feed digestibility and reduce methane production through 
in vitro digestion test; with identical ratio of fine feed to coarse feed, the methane emission was decreased 
by 30% by feeding silage than by feeding dry corn. In China, the proportion of silage and ammoniated straw 
feeding is only 44% at present. Feed saving, improvement of feed conversion efficiency, and reduction in 
methane emission can all be achieved by constantly increasing the proportion of silage to ammoniated straw. 
The potential for methane emission reductions is also tremendous.

The investment in straw ammonisation and silage technology is concentrated on expenses in construction 
of storage facilities, machinery, and covers. More economic benefits are reaped mainly by increasing daily 
weight gain and milk yield of animals fed with treated forage. Wang et al. (2008) showed through the 
experiment of beef cattle  with corn stalks conducted with different treatment methods that the cost of 
coarse feed per head of cow increased by 45.5% and 51.6% with the use of ammoniated straw and silage, 
respectively. However, the corresponding revenues increased by 153% and 68.8% . The research result by 
Li wenbin et al. (2010) showed that the profit of breeding beef cattle with silage increased by 51.5% more 
than that with dry corn stalks. It can be concluded that considerable economic benefits are achieved by 
feeding animals with ammoniated straw and straw silage.

v.  Examples/locations where presently practiced

Since 1985, China has promoted straw ammonisation technology, and it has already been applied in 
various regions throughout the country. According to the 2009 national survey and evaluation report of 
crop straw resources, the theoretical amount of crop straw resources in China was 820 million tonnes. By 
demonstrating and promoting feeding ruminant animal with forage, the use of feed straw in China rose 
from 110 million tonnes in 1992 to 211 million tonnes in 2009. Of this, the amount of straw processed 
through ammonisation and silage was about 92 million tonnes, accounting for 44% of the total amount of 
forage (MOA, 2010). Promoting and applying this method, 60 million tonnes of grain feed can be saved 
annually. Milk production and quality has also been increased effectively, with the costs of feed and labour 
reduced and the breeding efficiency improved. At the same time, straw contains high levels of energy and 
nutrients. This technology has great development and utilisation potential with bright prospects for further 
development (China Husbandry Yearbook, 2006).

vi.  Barriers to dissemination

In China, the promotion and application of straw ammonisation and straw silage is mainly on large-scale 
cattle farms. Households and small farms are the main ruminant producers in China. Since these farms 
operate on a small scale, with no supporting ammonisation and silage facilities, the farmers cannot fully 
grasp the key technical points of scientific processing methods for straw ammonisation and silage, so 
further support on application of this technology is currently restricted.
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4.1.2 Reducing enteric CH4 emission by feed optimisation

i.  Technology definition

The methane emissions of ruminant animals are a result of their unique digestive systems. Their stomach 
can be divided into rumen, reticulum, omasum and abomasum. Lyford (1988) reported that the rumen 
volume of an adult bovine is about 56.9L, generally occupying the left half of the entire abdominal cavity, 
and taking up 78% to 85% of the stomach’s total volume (Li, 2007). After the feed enters the rumen, 
carbohydrates (mainly composed of crude fibers) in the feed are converted into carbon dioxide and 
hydrogen after a series of fermentation and decomposition steps by anaerobic microbes, which are then 
used by methanogens to generate methane as substrate. The amount of methane emissions is mainly 
affected by feed type, feed intake, ambient temperature, rate of consumption of feed, the balance of 
nutrients in the feed for microbial growth and the balance of micro-organisms that develop (bacteria, 
protozoa and fungi) which largely depend on the chemical composition of diet (Ding, 2007). 

The principle of nutrition regulation technology to reduce methane emissions is: to optimise the concentrate 
to forage ratio in diet by controlling the crude fiber content of the diet or the fermentation process to 
reduce methane emission while ensuring normal production performance of ruminant animals without 
increasing production cost. This way, the rumen fermentation pattern or rumen microbial populations 
(such as methanogens, ciliates) and pH characteristics are altered to reduce methane emissions. At 
present, nutritional regulation is one of the most feasible approaches to reduce methane emissions and 
much research is being carried out to reduce methane emissions by changing the concentrate to forage 
ratio in diet.

ii.  Technology description

The diet of ruminant animals (mainly cattle, sheep, buffalo, camels, etc.) is primarily made up of forage 
and concentrate. Forage mainly refers to grass or hay with crude fiber content over 18%, most commonly 
including corn straw, alfalfa, and silage. Forage provides the animals with crude fiber, which plays an 
essential role in maintaining normal rumen fermentation, providing body energy and sustaining normal 
microbial flora, as well as promoting the synthesis of milk fat by  the milk cow. At the same time, concentrates 
mainly supply the animals with protein, fat, minerals, and vitamins. Therefore both forage and concentrate 
are necessary for ruminant animals. Moreover, the ratio of concentrate to forage in diet will substantially 
affect the ruminant animal’s growth performance, rumen’s fermentation function, methane emission, and 
health condition. 

Generally, when the proportion of forage feed is larger, the cellulolytic bacteria proliferate, and acetic acid 
fermentation is the dominant fermentation type in rumen with a large amount of hydrogen produced. 
As a consequence, partial pressure of hydrogen increases, which stimulates the massive proliferation of 
methanogens, with an increase in methane emissions. When soluble carbohydrates or starch are fed, 
i.e., the proportion of dietary concentrate increases, then rumen pH values decline, thereby inhibiting 
the propagation of methanogens and ciliates, while increasing propionic acid production (Demeyer and 
Henderickx, 1967). Since propionic acid fermentation consumes hydrogen, which reduces the raw 
materials needed for methane formation, methane emissions are lowered. An appropriate increase of the 
proportion of concentrate in the ruminant animals’ diet can increase the proportion of propionic acid in 
rumen, while reducing the content of acetic acid, and improving feed utilisation efficiency and production 
performance of animals. Propionic acid is mainly converted into body composition by the liver, and then 
it provides energy for breeding, growth, milk production, and meat production. Methane emissions and 
propionic acid production are negatively correlated (Church, 1979). Hence, controlling the concentrate 
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and forage ration can not only reduce the amount of methane emitted, but also improves the production 
performance of ruminant animals. 

iii.  Advantages and disadvantages

The production of methane during rumen fermentation is a necessary byproduct, which can not be 
completely eliminated. The control of concentrate to forage ratio in ruminant animals’ daily diet to reduce 
methane emissions has certain advantages and disadvantages.

Advantages of straw ammonisation

1. There is no additional cost of methane reduction.

2. Methane reduction and improvement of productivity could be consistently realised. 

3. The technology could be applied in any animal production system by using feed optimisation.

Disadvantages of straw ammonisation

1. Improper ratio of concentrate to forage feed may result in abnormal rumen fermentation and increase 
of CH4 production.

2. The technician is required to produce the best possible results of feed optimisation.

3. Monitoring the characteristics of the forage and concentrate is required.

iv.  Economics and mitigation potential

There are considerable potentials to improve animal production performance such as yield per unit, and to 
reduce methane emissions by using feed optimisation techniques. Many experimental tests have shown 
that with the improvement of feeding technology, methane emissions per unit of livestock is reduced (You, 
2007; Na, 2010).

It is reported that when daily milk production increases from 25kg to 30kg, then the methane emissions per 
unit milk product decreases by 10% (Yang, 2000).  When the average daily gain increases from 0.65kg to 
0.8kg, the methane emitted per unit of weight gain can be reduced by 14%. According to the Na (2010) 
studies, when milk yield of milk cow increases from 11kg to 13kg, the methane emission per unit of milk 
product decreases by around 39%.

According to the Shiyo report (Shiyo, 2000), the regression relationship between 4% fat corrected milk 
(FCM), yield (Y)  and grain supply (X) has the equation Y=1.962X + 3.492. This indicates that with 
every additional 1kg of grain feed intake, the milk production could increase by 2kg. Moreover, the 
regression relationship between methane production per unit of FCM and grain supply was expressed as  
Y=-2.546X + 46.442. This also indicates that with every additional 1kg of cereal feed intake, the methane 
emission per kg of FCM can be reduced by about 2.5 litres.

For analysis of economic benefits brought by reducing methane emissions of ruminant animals through 
changing the concentrate to forage ratio, the case study of Na (2010) in a small (30 cows) dairy farm is 
considered. In this study, 12 healthy Chinese Holstein dairy cows with average weight of 525 ± 40kg were 
selected as test animals. The average age of test animals was 3.5 years old. Animal groups were randomly 
allocated to three different rations (Rations A, B and C) featuring different forage types and concentrate 
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to forage ratios (CTFR). On dry matter (DM) basis, Rations A and B had 40:60 CTFR whereas Ration C 
had 60:40 CTFR. The forage ingredient for Ration A was corn stalk. The forage component for rations B 
and C was corn silage. The animals in each dietary regimen were fed fixed amounts daily, consisting of 
5.33±0.05kg, 4.83±0.26kg, and 7.63±0.29kg head-1 d-1 of  concentrate and 8.10±0.07kg, 27.75±0.07kg, 
and 18.58±0.28kg head-1 d-1 of forage for rations A, B and C respectively. The concentrate was delivered 
twice daily and the forage was delivered three times daily. The cows had free access to drinking water at 
will, and they were milked twice a day. The results show that the methane outputs of Ration A, B and C 
were 353, 283, 263 kg head-1d-1, respectively. Ration A differed significantly from Ration B and C (p ▪ 0.05), 
while rations B and C show no significant difference (p ▪ 0.05). The milk yield of the three feed regimes are 
10.73,12.56,12.97 kg head-1d-1, respectively. The milk production of rations B and C increased by 17.05% 
and 20.88%, respectively, compared to Ration A. Ration C increased by 3.26% compared to Ration B, 
without anomalies detected in rumen fermentation. Analysis of specific economic benefits is presented in 
Table 4.1.

Table 4.1 Cost analysis of methane emission reduction of cows fed with the three diets

Items
Treatment

Ration A Ration B Ration C Notes

Amount of concentrate (kg d-1 head-1) 5.33 4.83 7.63

Labor wage 
and water 
and electricity 
cost

Price of concentrate (RMB/kg) 2 2 2

Cost of concentrate (RMB d-1 head-1) 10.66 9.66 15.26

Amount of forage (kg d-1 head-1) 8.10 27.75 18.58

Price of forage (RMB/kg) 0.6 0.9 0.9

Cost of forage (RMB d-1 head-1) 4.86 24.98 16.72

Other cost (RMB d-1 head-1) 20 10 10

Cost per head (RMB/head) 35.52 44.64 41.98

Milk production (kg/d-1 head-1) 10.73 12.56 12.97

Price of milk (RMB/kg) 4 4 4

Benefit from milk (RMB/d) 42.92 50.24 51.88

Profit per head (RMB/d) 7.4 5.6 9.9

CH4 emissions (L d-1 head-1) 353 283 263

CH4 emissions per milk production (L/kg) 32.90 22.53 20.28

Source: Na, 2010

From Table 4.1, since there is a need for corn stalk chopping in Ration A, the labour cost of this diet is 
higher than the other two rations. The daily profit per cow per day of Ration C increases by 4.3 yuan 
compared to Ration B, with a reduction of methane emissions by 7%. The methane production for each 
kg of milk decreases with the increase of the proportion of dietary concentrate.
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v.  Examples/locations where presently practiced

There are several studies showing that changing concentrate to forage ratio to reduce methane 
emissions of ruminant animals is feasible technically. Fan (2006) has shown that the rank of methane 
output of beef cattle fed different concentrate to forage ratios on methane output of intestines of 
beef cattle is 0:100>25:75>50:50. Han et al. (1997) tested the methane emissions of bullocks fed 
diets with concentrate to forage ratio of 0:100, 25:75, 50:50, 75:25. The methane emissions of 
bullock was 208L/d, 201 L/d, 194 L/d, and 171 L/d, respectively. Similarly Sun et al. (2008) found 
similar results of methane output of Holstein cows with diets with different concentrate to forage 
ratios varied significantly. The methane emissions from cattle fed diets with different concentrate 
to forage ratios were 70: 30>60: 40>20: 80>30: 70>40: 60>50: 50. These results from Sun et 
al. (2008) suggest that the optimum concentrate percentage in diets is 40%  to 50%, and that 
if the concentrate percentage becomes greater than 60%, the concentration of propionic acid 
in the rumen rises but such diets likely cause dyspepsia syndrome However,  if  the concentrate 
percentage becomes lower than 30%, the concentration of acetic acid in the rumen increases, 
which leads to higher methane emissions.

vi.  Barriers to dissemination

There are constraints in promoting methane emission reductions by changing the proportion of fine feed 
to forage feed in daily diet. First, the concentrate to forage ratio in daily diet refers to the proportion of 
the dry matter contained, and the actual feed intake of animals may not be consistent with the calculated 
proportion. Secondly, corn stalks are not palatable to animals, so the ammonia treatment or silage process 
is necessary, and there should be a process of adoption. Thirdly, methane emissions may increase if the 
proportion of dietary concentrate is out of suitable range (40% to 50%) (Sun et al., 2008). Furthermore, 
farm  management sees no direct benefits in methane reduction. There is therefore a need to explore new 
financial mechanisms under climate conventions to encourage the application of feed optimisation for 
reducing the methane emissions. 

4.2 Long term structural and management changes and animal breeding

4.2.1 Development of genetically modified rumen bacteria that produce less methane

i.  Technology definition

To optimise the synthetic or metabolic pathway of micro-organisms related to methane synthesis by 
employing modern molecular biotechnology to obtain genetically modified microorganisms. Then he 
genetically modified micro-organisms are introduced back into the rumen ecosystem to establish a 
relatively stable microbiota that can replace or compete with the original pathway of  methanogenesis, to  
reduce  methane synthesis in the rumen. 

ii.  Technology description

Most methane emissions from ruminants are synthesised by methanogenic archaea in rumen. The 
methanogens mainly use carbon dioxide and hydrogen to synthesise methane. Protozoa and other 
microbes involved in cellulose-degrading or glucose-metabolic pathways provide carbon dioxide and 
hydrogen, and other mono carbon compounds necessary for methanogens. Therefore, the process 
of methane synthesis is implicated with complex symbiotic relationships of ruminal microbes and 
improper manipulation may break metabolic homeostasis in rumen. However, the development of 
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modern molecular biotechnology and gene engineering technology provides a great opportunity for the 
improvement of rumen microbiota to bring about optimal reduction in methane emissions.  

With respect to the process of feed degradation and methane synthesis, there are some possible links 
in realising the methane-mitigating goal with the application of developing genetically modified micro-
organisms. First, digestibility is one of the important factors influencing methane synthesis in the rumen. 
Cellulose, semi-cellulose and lignin contents are high in forage and they are difficult to degrade completely, 
and therefore they are positively associated with methane emissions. Based on mutagenic breeding 
methods and transgenic technology,  high-efficiency exogenous genes could be introduced into microbial 
genomes, and then express high-efficiency degrading enzymes in rumen. As a consequence, the cellulose 
decomposition bacteria are strengthened to better degrade refractory carbon structure in forage, thus 
resulting in high efficient feed digestibility and energy use. Since more energy is obtained from an equal 
quantity of feed and animal production is improved, methane emission per unit of product could be reduced.

The reaction of carbon dioxide and hydrogen to form methane is a key step to decrease the hydrogen 
partial pressure in the rumen, so finding new hydrogen competitor or methane oxidative pathway could 
reduce methane production. For example, acetogens can also utilise hydrogen as substrate and have been 
found to be dominant in kangaroos’ rumen. If acetogens that can out compete methanogens in hydrogen 
intake are selected by genetically modified technology and then form stable microflora in rumen, less 
methane would be produced from ruminants. Methane oxidation may be another possible solution to solve 
this problem. Methanotrophic bacteria can oxidize methane to carbon dioxide, and they inhabit widely 
diverse environments. Through genetic modification, bacteria with high methane-oxidative efficiency can 
be obtained. Once these bacteria are introduced into rumen and form stable microflora, methane will be 
used to form carbon dioxide without affecting ruminal fermentation. 

iii.  Advantages and disadvantages

Advantages

1. Improving digestibility, fermentation, energy utilisation efficiency of feed, and animal performance. 

2. Methanogens and other micro-organisms form symbiotic relationships and benefit mutually (Thiele 
et al, 1988; Joblin et al, 1989), so introducing genetically modified microbes favours the homeostasis 
of microbial diversity and complexity of symbiotic relationship in rumen, avoiding side effects on 
rumen ecosystems.

3. Many approaches for reducing methane emissions have been tried, including research on feed 
preparation, vaccines, and additives (Han et al, 1997; Beauchemin et al, 2005; Yvette et al, 2009; 
Wright et al, 2004; Machmüller et al, 2001; Animut et al, 2007). However, these approaches lack 
sustainability and heritability. In comparison, once the genetically modified microbes survive in 
rumen, they will be carried by ruminants as long as they live and can be inherited by their offspring, 
without any extra costs to maintain methane mitigation. 

4. Although chemical inhibitors or antibiotics can reduce methane synthesis, the long-term adoption 
may cause residues of organic matter or antibiotics in meat and milk and bad health conditions of 
animals. However, genetic modification of micro-organisms in rumen can eliminate all the adverse 
effects mentioned above and achieve methane emission reduction on the premise that food security 
is guaranteed.
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Disadvantages

In spite of the advantages of genetic modification of rumen micro-organisms in reducing methane emissions 
in rumen, several problems and technical barriers remain.

1. Most of the microorganisms in rumen are hard to isolate or culture. Mutagenic screening and genetic 
modification require more information on the mechanism and ecological functions of microbial 
metabolism and are still at a trial stage. 

2. Relevant reports indicate that technical barriers exist for introducing genetically modified strains 
into the rumen ecosystem, as well as for establishing a stable microflora and a stable symbiotic 
relationship (Wallace et al., 1994; Cotta et al., 1997; McSweeney et al., 1994). 

iv.  Economics and mitigation potential 

Genetic modification of rumen organisms is a systems engineering problem involving nutrition, molecular 
biology, physiology, genetics, microbiology, biological chemistry, and so on. Though this field has just 
started, the perspective of methane mitigation in ruminants has been highlighted by this technology. Since 
the research on genetic modification of rumen micro-organisms is based on the principles of genetics, this 
modification is, in theory, supposed to be inheritable, which is the greatest advantage of this technology. 
Once this technology can be put into actual application, ruminants will not only reduce methane emissions 
but also be capable of passing their ability in methane reduction to their offspring, permanently. Compared 
to others, this technology could change the rumen methane problem once and for all, in theory. If this is 
so, it would remarkably reduce production costs and achieve considerable economic benefits because no 
more extra expense would be required to maintain long-term methane mitigation. 

v.  Examples/locations where presently practiced

Methane emissions of ruminants has been a focus of wide concern nowadays. It has been reported 
that the total methane emissions of cattle and sheep in the world is equivalent to 140.8 × 106 tonnes 
of CO2e, with a large impact on the atmospheric environment (Environmental Protection Agency, 2010). 
The research on methane reduction of ruminants has now become a frontier science. Compared with 
other approaches, the genetic modification of rumen organisms started later, and it still has problems 
to be solved. Over the past ten years, researchers have been focused on searching for appropriate 
modification carriers and metabolic regulation of micro-organisms. So far, several research findings 
have shown good application prospects. Several studies have been conducted on the classification and 
metabolism of acetogens and several types of specific acetogens have been found (Shink et al., 1994; 
Breznak et al., 1994 and 1995; Drake et al., 2002). These acetogens can compete with methanogens 
for hydrogen (Joblin et al., 1996 and 1999). Experimental results indicate that by introducing acetogens 
into aseptic sheep rumen, comparatively satisfactory experimental results can be achieved. On the 
premise that food intake and volatile fatty acids (VFAs) synthesis of sheep is unaffected, it has been 
proven that acetogens can replace methanogens as metabolic receptors of hydrogen in the rumen, with 
potential for reducing methane emissions (Fonty et al, 2007). When other rumen micro-organisms, such 
as Veillonella parvula and Megasphaera elsdenii, are selected for genetic modification, their fermentation 
products are more likely to be propionic acid. The ratio of acetic acid to propionic acid in VFAs is thus 
significantly lowered (Yang et al., 2007; Sun et al., 2010), which indicates fewer methane emissions. 
E. coli has also been selected in some other studies of genetic modification in an attempt to mitigate 
methane emissions by promoting nitrous reduction (Sar et al., 2005a and 2005b and 2005c). On the 
whole, the genetic engineering of rumen micro-organisms to achieve methane reduction in ruminants is 



69

still at the initial stage. Currently, the emphasis is still being placed on basic research, and there is a long 
way to go to realise actual application.

vi.  Barriers to dissemination

At present, the researchers worldwide engaging in methane emission mitigation of ruminants mainly 
focus on nutrition regulation, optimisation of feed formula and application of additives. In comparison, 
the methane mitigation in ruminants using genetic modification is only just now being investigated. This 
technology, marked by complexity of operation, excessively high up-front investment and long period of 
study, requires multi-disciplinary cooperation. All these factors together restrict the development of genetic 
modification of micro-organisms to reduce methane emissions.
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5.1 Improved storage and handling 

5.1.1 Covering manure storage facilities to reduce GHG emissions 

i.  Technology definition

Manure coverage is the practice of covering the surface of manure with materials of certain thickness 
instead of the traditional method of piling up manure to be exposed to air. Manure coverage changes the 
amount of manure surface in contact with air. Due to some reactions, i.e., a series of physical, biological 
and chemical reactions, it can reduce GHG emissions.

ii.  Technology description

By covering manure with materials of a certain thickness (such as plastic sheeting, organic matter and 
expanded clay), the manure’s surface in contact with air is altered. This method can reduce the emission 
of GHGs and store nutrients in the manure. 

Generally, covers are classified as impermeable or permeable. Impermeable covers do not allow gases 
coming from the manure to be emitted  to the atmosphere. Permeable covers permit the transmission 
of some gases. Permeable covers usually include straw, geotextile, expanded clay, corn stalk, etc. 
The impermeable covers include floating plastic, suspended plastic, concrete, etc. Impermeable 
covers offer the opportunity to collect and use methane gas for fuel and power generation. A covered 
lagoon is a good example of a manure storage basin with an impermeable cover. It’s a large anaerobic 
lagoon, which can stably digest manure, reduce odour, and supply nutrient-rich effluent for application 
on fields and crops. Pathogens and weed seeds are reduced and biogas can be produced for use on 
the farm.

The effects on GHG emissions reduction vary for different covering materials and techniques. The principles 
of emission reduction are also different. For instance, impermeable materials such as plastic sheets can 
isolate manure from the external environment, thereby preventing loss of volatilised gases into the air. An 
anaerobic environment is also created within the manure. Since the first stage of N2O generation is the 
aerobic nitrification reaction of ammonia nitrogen, the adoption of manure covering technology prevents 
exposure to oxygen. By stopping this first reaction, N2O emissions are lowered. 

Factors, such as temperature, moisture content, and pH of the manure also have a significant impact on 
the mitigation effect of storage covering technologies. The moisture content of manure greatly affects the 
generation of CH4. When the moisture content is high, anaerobic fermentation dominates, with greater 
production of CH4 and less production of CO2. When the moisture content is low, aerobic fermentation 
dominates, with CO2 generated as the major fermentative products and basically no CH4 is generated. The 
moisture content also affects nitrification and denitrification of manure. Neither extremely good nor poor 
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permeability is conducive to the generation of N2O in nitrification or de-nitrification processes. Therefore, in 
both cases of very low moisture content of animal manure and long-time submergence under water, N2O 
emissions are very low. However, the dry-wet alternation of manure promotes the generation and emission 
of N2O. Suitable pH environments vary for different microorganisms. In this sense, adjusting the pH value of 
liquid manure to affect the process of biochemical reaction and then lower the GHG emissions is another 
approach for emission mitigation. 

iii.  Advantages and disadvantages

Advantages of covering manure

1. The advantages are low cost, simplicity of operation, and ease of implementation. 

2. Commonly used materials such as straws, expanded clay, thin films, etc. are low-cost and readily 
available. This makes it possible for animal farms to change the storing method of manure easily and 
conveniently.

Disadvantages of covering manure

1. Covering and compacting manure creates an anaerobic environment within manure, which increases 
methane emissions although the generation of nitrous oxide is inhibited, i.e., a case of swapping one 
form of pollutant for another (Monteny, 2006).

2. The potential for emission reductions is greatly affected by manure properties, temperature, and 
other factors for which there is currently limited understanding. Different covering materials should 
be selected for solid and liquid manure. Many experimental results indicate that covering liquid 
manure with organic matter, including straw, will greatly increase the amount of methane emissions, 
generating more methane in anaerobic fermentation of straws instead of reducing emissions. 
To adapt to the differences in climatic types (temperature, precipitation), manure properties and 
covering materials, experiments should be conducted to analyse and test the potentials of various 
combinations of these parameters to reduce greenhouse gas emissions. 

iv.  Economics and mitigation potential

Chadwick (2005) conducted an experiment to test the impact of compaction and covering methods of 
cattle manure on GHG emissions. Experimental results showed that compaction and covering with plastic 
film can reduce emissions of ammonia and N2O from manure by 90% and 30%, respectively. However, 
compaction and coverage created an anaerobic environment inside the manure, increasing the amount of 
methane emissions (Chadwick, 2005).

Additionally, by decreasing the surface area of the manure heap and by timely transport of manure to an 
enclosed storage chamber, the amount of NH3 and CH4 emissions can be reduced effectively (Weiske et 
al., 2006). 

Generally, reducing ammonia volatilisation and preventing odour can be achieved by covering liquid manure 
with straw, which may also increase methane emissions. Berg (2006) achieved GHG emission reductions 
by combining straw coverage with an acidising technique. Experimental results showed that methane 
emissions were reduced by 40% by adjusting the pH value of liquid manure to less than 6 with lactic acid 
and integrated covering with straws.
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A hard crust is naturally formed during the storage of manure, which prevents ammonia produced 
by manure from escaping. An experiment by Smith et al. (2007) showed that ammonia emissions 
from manure with naturally formed crust can be reduced by over 60% compared to the emissions 
from manure without the crust. Besides slowing ammonia loss, the hard crust on manure slurry 
also reduces methane emissions. Sφren (2006) proved that methane-oxidising bacteria exist in the 
hard crust of manure slurry, which oxidise methane into CO2, thus achieving an emission reduction 
because methane is a more potent greenhouse gas than CO2. When the concentration of methane is 
500-50,000 ppmv, the amount of emission reduction by methane-oxidising bacteria is -1~-4.5 gCH4 
m-2d-1) (Sφren, 2006). 

Permeable covers are less expensive than impermeable covers, but they do not last as long and are 
not as effective at reducing the emissions of odours and gases. However they can provide reductions in 
odour, ammonia and hydrogen sulfide emissions from manure storage facilities. A wide variety of organic 
and manmade materials have been utilised to construct permeable covers with variable results. Costs 
range from $1.10 to $18.80 per m2 installed. Straw shown in Figure 5.1 is the least expensive permeable 
cover material with an approximate cost of $1.10 per m2 installed. The installed costs of  longer lasting 
materials such as lightweight expanded clay aggregate (LECA) presented in Figure 5.2 can exceed  
US $10.80 per m2 installed (Burns, 2008). Impermeable covers may cost US $21.50 per m2 installed 
(Powers, 2006).

If impermeable covering materials are adopted, then the mass transfer between manure with the outside 
is cut off. Meanwhile, an anaerobic environment is created within the manure, promoting the generation 
of methane. Then gas collection devices can be installed to capture methane for cooking and heating 
purposes. In addition, the use of covering materials can effectively prevent the emission of nitrogen-
containing gases such as ammonia, thereby retaining nutrients in the manure. After a period of storage, it 
can be applied onto farmland as organic fertiliser.  

v.  Locations where presently practiced

So far, research has been carried out in covering manure storage technology yielding results relating to 
covering materials, external temperature, and composition of manure (Berg et al., 2006). In China, several 
experiments have been performed, which utilised straw and expanded clay to cover beef manure (Lu, 
2007) and swine waste water (Li, 2008). In practice, however, due to a limited area of farms, and a lack 
of storage facilities for manure, the manure is discharged directly, digested by biogas plants, or applied to 
farmland.  

In developed countries, the regulations concerning the management of animal manure and odour emissions 
are very rigid. With complete storing facilities, manure storage, and a large number of storage pools in 
animal farms, the loss of manure nutrients is prevented and odour emissions are controlled by extensive 
application of covering measures.

vi. Barriers to dissemination

Although, impermeable materials such as concretes and thin films are relatively stable and long-lasting, 
high initial investment expenses are a barrier to their widespread adoption. On the other hand, although 
permeable covering materials such as straw are inexpensive, they are not stable and have short service 
lives which makes their use seem futile and therefore also a barrier to adoption. Moreover, some covering 
materials, including straw, decompose when they come in contact with manure slurry, and then they 
themselves become an emission source.
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Figure 5.1 A permeable straw cover 

Source: Burn R. 2008

Figure 5.2 Lightweight expanded clay aggregate (LECA) cover on a concrete manure storage 
tank

Source: Burn R. 2008

5.1.2 Biocovers of landfills 

i. Technology definition

An inexpensive way to reduce greenhouse-active methane emissions from existing Municipal Solid Waste 
(MSW) landfills is to exploit the natural process of microbial methane oxidation through improved landfill 
cover design. Landfill top covers, which optimise environmental conditions for methanotrophic bacteria 
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and enhance biotic methane consumption, are often called ‘biocovers’ and function as vast bio-filters. 
Biocovers are typically spread over an entire landfill area. They are often waste materials, such as diverse 
composts, mechanically-biologically treated waste, dewatered sewage sludge or yard waste.

Methane oxidation in compost materials shows high oxidation capacity. Manipulation of landfill covers to 
maximise their oxidation capacity provides a promising complementary strategy for controlling methane 
emissions.

ii. Technology description

Simple but well-engineered biocovers can mitigate methane emissions from landfills. Mature composts 
show higher microbial methane consumption relative to conventional landfill soil, which can most probably 
be related to nutritional factors provided by the compost or to changes in the microbial ecology. Physical 
factors such as the increased porosity, water-holding capacity, or thermal insulation properties of compost 
seem to be responsible for much of the observed positive effects. 

The minimum recommended thickness of a final compost cover to mitigate methane emissions on 
bioreactor landfills is 1.2m in the construction phase for climatic conditions in middle Europe (Huber-
Humer et al., 2008). Bogner et al. (2005) tried to determine a minimum biocover design made of recycled 
materials capable of mitigating methane emissions in subtropical environments.

The function of biocovers and their long-term durability and bio-active lifetime will reduce the rate of 
methane emission from MSW landfills. However, the temperature, moisture, gas fluxes and gas ratio may 
influence the role of compost cover for the mitigation of methane emissions.

iii. Advantages and disadvantages

Advantages

1. Optimised and well-adapted biocovers are relatively less expensive in terms of operation and 
installation compared to a conventional gas collection system, whose cost can be high compared 
to the value of the captured fuel.

2. These biocovers have low maintenance requirements and they can be maintained by a relatively 
untrained person. Thus, they are suitable for both high and low income countries.

Disadvantages

1. Biocovers need to be designed and modified for local, landfill site-specific conditions.

2. Landfill chambers require homogeneity of gas fluxes and special cover material properties which still 
require significant research and development efforts.

3. Due to the shifting of methane oxidation layer downwards, the mats get clogged due to microbially-
produced biomass and therefore much labour is required to sweep the chamber’s basal gravel layer. 
However, the sweeping of the chamber basal gravel layer can be done by relatively untrained persons.

iv. Economics and mitigation potential

Future CH4 emission scenarios indicate rising shares of MSW and coal bed methane (CBM), where 
mitigation technologies have good penetration potential. 
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v. Examples/locations where presently practiced

Landfills exist all over the world. While soil is probably the most used landfill cover, a Google search reveals 
numerous reports of tests underway to determine the best approaches to utilise biocovers at specific sites 
in order to reduce GHG emissions.

vi. Barriers to dissemination

A lot of site-specific research needs to be done worldwide to determine availability of suitable materials, 
the thickness of material to apply, longevity and so on.

5.2 Anaerobic decay of agriculture waste

5.2.1 Household biogas digesters with CH4 recovery and utilisation

i. Technology definition

Biogas is a flammable gas produced by organic materials after it has been decomposed and fermented 
by anaerobic bacteria in tightly sealed environmental digesters under certain temperature, humidity, acidity 
and alkalinity conditions. The process in which biogas bacteria decompose organic materials to produce 
biogas is known as biogas fermentation. Manure-based biogas digesters refer to fermentation tanks 
which are used to treat animal manure including human waste via anaerobic fermentation. The methane 
concentration of biogas is around 60%, so the recovery and utilisation of biogas from digested slurry in a 
biogas digester will reduce CH4 emissions from just escaping from the manure. In addition, the biogas can 
be used to provide electricity or thermal energy and reduce CO2 emissions from fossil fuel (coal) displaced 
by biogas.

ii. Technology description

A biogas digester is composed of six parts: fermentation chamber, gas storage, inlet tube, outlet chamber, 
removable or sealed cover, and a gas pipe line (see in Figure 5.3).

The mechanics of biogas generation can be described as follows:

• The captured gas is stored in the upper part of the digester tank (gas storage area), which is 
constructed in an arc shape. The generation of biogas will gradually increase the pressure in the 
stored area. When the volume of the captured gas is larger than the amount consumed, the pressure 
in the gas storage will increase and slurry will be pushed into the outlet chamber. If the amount of 
gas consumed exceeds gas availability, the slurry level drops and the fermented slurry flows back 
into fermentation chamber.

• The placement of the digester tank (underground fermentation) keeps the temperature in the tank 
relatively stable ensuring that the slurry can be fermented at adequate temperatures throughout the 
year without requiring additional heating.

• The bottom of the digester inclines from the material-feeding inlet to the material-outlet, allowing free 
flow of the slurry.
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• The digester has been designed to allow the effluent to be removed without breaking the gas seal, 
taking the effluent liquid out through the outlet chamber.

As stated in the Technology definition section above, biogas fermentation is a process in which certain 
bacteria decompose organic matter to produce methane. In order to obtain normal biogas fermentation and 
a fairly high gas yield, it is necessary to ensure the basic conditions required by the methane bacteria are 
met for them to carry out normal vital activity (including growth, development, multiplication, catabolism etc.).

Strict anaerobic environment
Microbes that play a major role in biogas fermentation are all strict anaerobes. In an aerobic environment, 
the decomposition of organic matter produces CO2; however, in an anaerobic environment, it results in 
CH4. A strict anaerobic environment is a vital factor in biogas fermentation. Therefore, it is essential to build 
a well-sealed, air-tight biogas digester (anaerobic digester) to ensure a strictly anaerobic environment for 
artificial biogas production and effective storage of the gas to prevent leakage or escape.

Sufficient and suitable raw materials for fermentation
Sufficient raw materials for biogas fermentation constitute the material basis for biogas production. The 
nutrients that methane bacteria draw from the raw materials are carbon (in the form of carbohydrates), 
nitrogen (such as found in protein, nitrite, and ammonium), inorganic salts, etc. Carbon provides energy, 
and nitrogen is used in the formation of cells. Biogas bacteria require a suitable carbon-nitrogen ratio (C:N). 
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Figure 5.3 Schematic of ‘Three in One’ combination of household biogas digesters

Source: Department of Science , Education, Ministry of Agriculture, China. 2003
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The suitable carbon-nitrogen ratio for rural biogas digesters should be 25~30:1. The carbon-nitrogen ratio 
changes with different raw materials, and one must bear that fact in mind when choosing a mix of raw 
materials for the digester.

Appropriate dry matter concentration
The appropriate dry matter concentration in the raw materials for biogas fermentation in rural areas should 
be 7%-9%. Within this range, a low concentration of raw materials may be selected in summer, while in 
winter a higher value is preferred.

Appropriate fermentation temperature
Biogas fermentation rates depend greatly on the temperature of the fermenting liquid in the digester. 
Temperature directly affects the digestion rate of the raw materials and gas yield. Biogas fermentation 
takes place within a wide temperature range (Xu Zengfu, 1981). The higher the temperature, the quicker 
the digestion of the raw materials will be, and the gas production rate will also become higher. Based on 
real fermentation conditions, we have identified the following three temperature ranges for fermentation:

• High temperature fermentation: 47°C~55°C.

• Medium temperature fermentation: 35°C ~38°C.

• Normal temperature fermentation: ambient air temperature of the four seasons. 

Selecting the temperature range for bio-gas fermentation depends on the type, sources, and quantities of 
raw materials; the purposes and requirements of processing organic wastes; and their economic value. 
Most household biogas digesters are normal temperature fermentation.

Appropriate pH Value
The pH value of the fermenting liquid has an important impact on the biological activity of biogas bacteria. 
Normal biogas fermentation requires the pH value to be between 7 and 8. During the normal process of 
biogas fermentation in a rural digester, the pH value undergoes a naturally balanced process, in which 
it first drops from a high value to a low value, then rises again until it almost becomes a constant. This 
process is closely related to the dynamic balance of three periods of biogas fermentation. After feeding the 
biogas digester, the time that the pH value takes to reach its normal level depends on the temperature and 
the kinds and amounts of raw materials that are fed in.

iii. Advantages and disadvantages

Advantages

1. Reducing GHG emissions by reducing CH4 emissions from manure management and CO2 emissions 
from coal burning  or other carbon based fuel source. 

2. Saving on energy costs for cooking and lighting by providing biogas which is clean energy.

3. Fertiliser saving by applying the effluent from biogas digesters by replacing commercial fertiliser.

4. Improving local environmental conditions in rural areas.
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Disadvantages

1. Medium to high capital costs and the initial investment cost are the main constraints for installing a digester. 

2. Skilled and trained labour is required for the construction of a biogas digester. 

3. Requires availability of animal excrements for optimal biogas production.

4. There are sometimes cultural prejudices against using gas from human waste. 

iv. Economics and mitigation potential 

Biogas technology can reduce emissions from farmyard manure, and its price ranges from US$12-40 per t 
CO2e saved. Biogas technology becomes suitable for mitigating GHG emissions if there are high amounts of 
organic inputs at a price of approximately US$12 per t CO2e saved (Wassmann and Pathak, 2007).

Each household biogas digester (8~15 m3) costs between US$500-1,000 depending on the digester size.

It is estimated that an 8 m3 household biogas tank can treat the manure from 4 to 6 pigs, yielding around 
385 m3 biogas annually. It can save 847-1,200 kg of coal based on the calculation of effective heat 
equivalent. According to the methodology recommended by IPCC in 2006, if a household biogas digester 
treats the manure of 4 pigs, it can reduce GHG of 1.5~5.0 tonnes CO2e.

v. Examples/locations where presently practiced

Figure 5.4 shows the development trends of household biogas projects in China. By the end of 2008, the 
number of the overall household biogas digesters had reached 30.49 million. One can see that during the 
period of 1990-2008, the implementation of household biogas digesters increased 6.4 fold. Unfortunately, 
due to limited finances, most farmers have not been able to afford a biogas digester.

Figure 5.4 Household biogas numbers during the period 1990-2008 in China

Source: Author estimate
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vi. Barriers to dissemination

The dissemination of biogas digesters face investment and technical barriers.

Investment barrier
The cost of each household biogas digester (8-16 m3) ranges from US$500 to US$1,000 depending on 
the digester size. Most rural households within developing countries have low disposable income and 
weak financial capacity for making such a large investment. In addition, the household will continue to pay 
a biogas digester maintenance cost. By contrast, the current practice of deep-pit treatment method is by 
far considered the most attractive option for manure treatment given that it requires very limited additional 
investment and labour input. 

Technical barrier
The biogas digesters have to be located in many cases in the remote rural areas, where farmers lack 
ready access to improved technologies and management methods. According to current experiences in 
China, the performance of some digesters are unstable, with varying levels of gas production. This is due 
to the lack of experience among the individual households, limited resources for biogas service support, 
and insufficient farmer training. Expertise is required to ensure that the digesters function properly, so 
maintenance and management of biogas digesters require adequate support services and trained staff, 
which is not available in rural areas. 

5.2.2 Off field crop residue management 

i. Technology definition

Crop-residue management is an important mitigation technology using biomass, vermi-compost etc. 
processed under aerobic conditions which is being utilised as a commercial option to reduce greenhouse 
gas emissions. Vermi-composting is a modified method of composting using earthworms to eat and digest 
farm waste and turn it into a high quality vermi-compost in two months or less. It is different from other 
composts due to the presence of worms such as earthworms, red wigglers, white worms etc. (Satavik, 
2011).

ii. Technology description

Most byproducts of cereals, pulses, and oilseeds are useful as feed and fodder for livestock. Byproducts 
of other crops like cotton, maize, pigeon pea, castor, sunflower, and sugarcane are used as low calorie fuel 
or burnt to ashes or left in the open to decompose over time. Modest investments in decentralised facilities 
for aerobic digestion of agricultural residue through vermi-composting and biogas generation can meet the 
needs of energy-deficit rural areas.

Crop residue management is an important component of organic farming that helps the conservation 
of carbon in the rhizosphere thereby mitigating the emissions of GHG to the atmosphere. It includes 
leguminous cover crops grown as green manure to provide a cost-effective source of N to subsequent 
crops. Organic farming relies heavily on inputs of organic residues in the forms of green manure (i.e., cover 
crops), plant compost, and composted animal manures added to the soil along with integrated biological 
pest and weed management, crop rotation, and mechanical cultivation to sustain and enhance soil 
productivity and fertility without the use of synthetic N fertiliser and pesticides (Table 5.1). The handling of 
crop residues also has an impact on net carbon gains. Removal of straw or stover can result in significant 
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loss of soil organic carbon (SOC). If they are used as bedding for livestock, then much of the carbon may 
be returned to the soil as manure (Lal et al., 1998b).

Table 5.1 Estimated crop residues (million tonnes) in India (2006-2007)

Crop residue Dry weight

Cotton stalks 16.36

Maize cobs 2.72

Pigeonpea 6.93

Sunflower 2.46

Castor 1.41

Source: Dixit et al., 2010

iii. Advantages and disadvantages

Advantages

1. When crop-residue is incorporated into soil, the soil’s physical properties and its water-holding 
capacity are enhanced.

2. Organic residues and N fertilisers increase soil organic carbon and subsequently improve soil structure 
and aggregate stability. By stabilising soil aggregates, soil organic matter is more protected from 
microbial decay (Six et al., 1999). The use of organic residue management cover crops and manures 
can lead to soil organic carbon accumulation by improving aggregation as well as reducing the need 
for synthetic fertiliser application while providing crops with equally adequate amounts of nutrients.

3. Addition of organic residue to the soil reduces environmental pollution potential while maximising the 
N-use efficiency and providing crops with sufficient N.

Co-benefits of organic amendments applied to soil are a reduced need for herbicides by reducing weed 
emergence and enhancing soil quality, which provides better habitat for beneficial soil fauna. For example, 
decomposers such as earthworms can help in organic amendments. The castings and the channels that 
earthworms create improve root growth, water infiltration, and the physical structure of the soil. Earthworms 
also stabilise soil organic matter and contribute to the formation of stable soil aggregates. 

Disadvantages

1. The carbon and nitrogen mineralization rate of these manures and organic residues are relatively low 
for the recovery of N, which ranges between 5-18% of total N for manures and 8% for compost. 
Thus, these organic amendments would need to be applied in huge amounts in order to considerably 
increase the short term N supply, which would lead to higher costs. 

iv. Economics and mitigation potential

Tschakert (2004) estimated the cost-effectiveness of crop residue (millet) based compost application for 
soil carbon sequestration in small-scale dry land farming systems for three resource-endowment groups 
at Old Peanut Basin, Senegal, for a 25-year project period (Table 5.2). 
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Table 5.2 Cost benefit analysis of crop residue (millet) based compost application at Old 
Peanut Basin, Senegal, for a 25-year project period

Poor households
First year costs ($/ha)

Input 1076

Labor 123

Per year costs Y 2–25 ($/ha)   129

  First year benefit ($/ha)   54

  Per year benefit Y 2–25 ($/ha)   262

  Undiscounted net benefits (in $/tC/ha)   3983

  Net present values (in $; 20% discount rate)   -643

Medium-rich 
households

First year costs ($/ha)
Input 139

Labor 93

Per year costs Y 2–25 ($/ha)   26

  First year benefit ($/ha)   54

  Per year benefit Y 2–25 ($/ha)   96

  Undiscounted net benefits (in $/tC/ha)   2926

  Net present values (in $; 20% discount rate)   22

Source: Tschakert, 2004

Crop residue management through vermi-composting brings about 463 mg CO2e m-2 hr-1 compared to 
their anaerobic digestion value of 694 mg CO2e m–2 hr-1. The experiments done by Chan et al., (2011) 
in Australian cities clearly confirm the reduction in GHG emissions through crop residue and vermi-
compost management. There will be ample opportunity for farmers to reduce GHG emissions in vermi-
compost production by reducing the use of chemical fertilisers which generally initiate the emission of 
N2O and CH4.

v. Examples/locations where presently practiced

Off-field management of crop residues by composting or digesting is not widely practiced.

vi. Barriers to dissemination

Lack of availability of proper chipping and soil incorporation equipment to ensure that proper height of crop 
residue is cut, is one of the major reasons for the colossal wastage of agricultural biomass. 

Increased cost of labour and transport is another reason for lack of interest in utilising the crop-residue 
management technologies.
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i.  Technology definition

Organic agriculture is a production system which avoids or largely excludes the use of synthetic fertilisers, 
pesticides and growth regulators. It can sequester carbon using crop rotations, crop residues, animal 
manure, legumes, green manure, and off-farm organic waste (Lampkin et al., 1999).  It can also reduce 
carbon emissions by avoiding the use of fossil fuels used in the manufacture of the chemicals used to 
make synthetic materials. 

ii.  Technology description

Organic farming restricts the use of artificial fertilisers and pesticides, and it promotes the use of crop 
rotations, green manures, compost, biological pest control and mechanical cultivation for weed control. 
These measures use the natural environment to enhance agricultural productivity. Legumes are planted 
to fix nitrogen into soil, and natural insect predators are encouraged. Crops are rotated to renew soil, and 
natural materials such as potassium bicarbonate, and mulches are used to control diseases and weeds. 
Crop diversity is a distinct feature of organic farming. However, organic farming originated as a small-scale 
enterprise with operations from under 1 acre (4,000m2) to under 100 acres (0.40km2). Crop rotation, cover 
cropping, reduced tillage, and application of compost are varieties of methods used in organic agriculture. 
Organic agriculture is one of the important options of carbon sequestration which can reduce greenhouse 
gases. 

Organic farmers use several different techniques. The most effective ones are fertilisation by animal manure, 
by composted harvest residues, and by leguminous plants such as (soil) cover and (nitrogen) catch crops. 
Introducing grass and clover into rotations for building up soil fertility, diversifying the crop sequences, and 
reducing ploughing depth and frequency also augment soil fertility. All these techniques increase carbon 
sequestration rates in organic fields, whereas in conventional fields, soil organic matter is exposed to more 
tillage and consequent greater losses by mineralisation. The annual sequestration rate increases up to 3.2 
tonnes of CO2/ha-1 yr-1 by organic farming (Smith et al., 2007).

Although not limited to organic farming, the use of N from manure and compost or fixed from the air by 
leguminous plants has a mitigation potential that amounts to 4.5-6.5Gt CO2e yr-1 (out of 50Gt CO2e yr-1 
global GHG emissions) or about 9-13% of the total GHG emissions. The mitigation is accomplished by 
sequestering C in soils due to intensive humus production (Smith et al., 2007). Regular applications of 
livestock manure can induce substantial increases in soil organic carbon over the course of a few years 
(Lal et al., 1998b). Organic agriculture has lower N2O emissions i.e., 1.2-1.6 Gt CO2e yr-1. In organic 
agriculture, biomass is not burned. It reduces the N2O emissions by 0.6-0.7Gt CO2 e yr-1 in comparison to 
conventional agriculture (Smith et al., 2007). Organic systems are highly adaptive to climate change due 
to: (a) the application of traditional skills and farmers’ knowledge, (b) soil fertility-building techniques, and 
(c) a high degree of diversity.

6. Organic Agriculture
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Organic farming could considerably reduce the GHG emissions of the agriculture sector and make agriculture 
almost GHG neutral (Niggli et al., 2009). Greenhouse gas emissions due to the applications of synthetic 
fertilisers are estimated to be 1,000 million tonnes annually. These emissions would not occur using an 
organic approach. GHG emissions of agriculture would be reduced by roughly 20 per cent. Another 40 per 
cent of the GHG emissions of agriculture could be mitigated by sequestering carbon into soils at rates of 
100kg of C ha-1 yr-1 for pasture land and 200kg of C ha-1 yr-1 for arable crops. By combining organic farming 
with reduced tillage, the sequestration rate can be increased to 500kg of C ha-1 yr-1 in arable crops as 
compared to ploughed conventional cropping systems, but as the soil C dynamics reach a new equilibrium, 
these rates will decline in the future. This would reduce GHG emissions by another 20 per cent. Organic 
farming is an important option in a multifunctional approach to climate change.

Historically, agriculture was organic, relying on the recycling of farm wastes and manures. Very little or 
negligible amounts of external inputs were applied. Sustainable farming practices and cycles evolved 
over centuries, integrated with livestock rearing. For instance, farmers of ancient India are known to have 
evolved nature-friendly farming techniques and practices such as mixed cropping and crop rotation.

iii.  Advantages and disadvantages

Advantages

1. Organic agriculture aims to improve soil fertility and N supply by using leguminous crops, crop 
residues and cover crops, to eliminate fossil fuel used to manufacture N fertiliser. The addition of the 
crop residues and cover crops leads to the stabilisation of soil organic matter at higher levels and 
increases the sequestration of CO2 into soils.

2. Organic agriculture increases soil’s water retention capacity, which would enable a crop to go longer 
into a drought cycle assuming an initial full profile. This should provide an adaptation to unpredictable 
climatic conditions. Soil C retention is more likely to withstand climatic challenges and soil erosion, 
an important source of CO2 losses.

3. Organic agriculture can contribute to agro-forestry production systems, which offer additional means 
to sequester carbon.

4. Organic systems are highly adaptive to climate change due to the application of traditional skills and 
farmers’ knowledge, soil fertility-building techniques and a high degree of diversity.

5. Organic agriculture as a water protector reduces water pollution due to the absence of pesticides 
and chemical fertilisers. 

6. Organic agriculture is compatible with conservation tillage, thereby enabling even greater C 
sequestration potential by incorporating this mitigation technology.

Disadvantages 

1. Organic agriculture is less productive compared to intensive conventional agriculture. Consequently, 
the yield of highly demanding crops such as potatoes, grape fruits and horticultural crops is too low 
and energy input becomes relatively more on per unit of crop production bases (Smith et al., 2007).

2. Quality of organic-grown produce is often lower due to insect damage, which is less in conventional 
agriculture with its use of pesticides.

3. Highly dependent on nutrients derived from livestock. 
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Figure 6.1 Leguminous crops as green manure in organic farming 

Source: International trade Center UNCTAD/WTO, Monograph, Organic farming and climate change, 2007.

iv.  Economics and mitigation potential

Organic agriculture requires 28% to 32% less energy compared to conventional systems. Input costs 
for seed, fertiliser, pesticides, machinery, and hired labour are approximately 20% lower in a rotation that 
includes a legume compared with a conventional rotation system (Figure 6.2), (Kimble et al., 2007). 

Figure 6.2 Annual input costs for the legume and conventional grain rotations

Source: Kimble et al., 2007

In the East African Highlands, animal manure application leads to 2,820 kg ha-1 yr-1 carbon inputs with 
$156 per ha cost and 5.5% carbon sequestration efficiency (Woomer et al., 1998). The sequestration of 
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one tonne of soil carbon using cattle manure requires $260, but return will increase by $1,066 (4.1 return 
ratio) as a result of the addition. Some experts estimate the cost of manure to be around $1,000, in which 
case the additional returns would almost vanish. Maize stover leads to 1,830 kg ha-1 yr-1 carbon inputs with 
$37 per ha cost and 5.4% carbon sequestration efficiency. The sequestration of one tonne of soil carbon 
using maize stover requires $374, but this application also suppresses crop yields resulting in a loss of 
$112 (-1.3 return ratio). 

Annual global sequestration potential of organic agriculture amounts to 2.4-4Gt CO2e yr-1, and it can be 
improved to 6.5-11.7Gt CO2e yr-1 by using new technologies in organic agriculture (Smith et al., 2008).

Organic agriculture has lower methane and nitrous oxide emissions of 0.6-0.7Gt CO2e yr-1 in comparison 
to conventional agriculture, which includes the burning of crop residue (Smith et al., 2007).

Organic agriculture has a significant potential to provide on-farm energy by biogas production from 
slurry and compost, although this would detract from the quantities of organic material to return to 
the soil. 

If all agriculture were organic, the elimination of nitrogen fertilisers would save substantial emissions. 
For example, in case of UK 1.5% of national energy consumption and 1% of national greenhouse gas 
emissions would be saved (Mae-Wan and Ching, 2008). Earlier studies showed that GHG emissions 
would be 48-66% lower per hectare in organic farming systems in Europe. The lower emissions were 
attributed to zero input of chemical N fertilisers, less use of high energy consuming feed stock, low input 
of P (phosphorus) and K (potassium) mineral fertilisers, and elimination of pesticides. However, productivity 
likely would be lower.

v.  Examples/locations where presently practiced

There are around 76,000ha of organic farmland in India. Uttrakhand and Sikkim have declared their states 
as organic states out of 28 states in India. In Nagaland 3,000ha are under organic farming with kholar, 
maize, ginger, soybean, large cardamom, passion fruit, and chillies. Tribal regions where organic farming 
has been practiced are high priority areas to promote continuation of the practices. The regions include 
the tribal areas in Orissa, M.P. and North East, delicate ecosystems in Himalaya and Western Ghat, rainfed 
dry areas, and green revolution areas (Masood, 2009).

According to Willer et al., (2008; http://orgprints.org/8535/), organic agriculture is developing rapidly and 
is now practiced in more than 130 countries. At the end of 2006, 30.4 million hectares of agricultural land 
were managed organically, constituting a growth of 1.8 million hectares compared to 2005. Oceania is 
the region which has the largest proportion of its land devoted to organic agriculture, followed by Europe 
and Latin America. Currently, the country with the largest organic area is Australia (more than 12 million 
hectares) followed by China (2.3 million ha), Argentina (2.2 million ha), USA (1.6 million ha) and Italy (1.1 
million ha). Other countries are below 1 million ha. 

Global demand for organic products remains robust, with sales increasing by over US$5 billion a year. 
Organic Monitor estimates international sales reached US$38.6 billion in 2006, double that of 2000, when 
sales were at US$18 billion. An analysis of the global organic data for the countries on the list of recipients 
of Official Development Assistance (DAC List) shows that more than one quarter of the world’s organic 
agricultural land (8.8 million ha) is in countries on this list. Most of this land is in Latin America followed by 
Asia and Africa.
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vi.  Barriers to dissemination

Besides overcoming a tradition of recently adopted synthetic fertilisers and pesticides, the primary barriers 
to adoption of organic farming are the lower productivity and consequently higher prices, as well as lower 
produce quality in the marketplace. Greater education of farmers and the public needs to be done to show 
that the environmental and long-term sustainability advantages of organic agriculture are worth to the 
added current costs.

Organic Agriculture





89

7.1 Agriculture for biofuel production

i.  Technology definition 

Biomass from the agriculture sector can be used to produce biofuels – solid, liquid and gaseous. Biofuels 
substitute fossil fuels for energy delivery. If biomass is grown in a sustainable cycle to produce biofuels, 
such agriculture practices mitigate GHG emissions due to fossil fuel not being combusted. Biofuels can 
be derived from biomass sources such as corn, sugar cane, sorghum, soybean, crop residues, oil palm 
(Elaeis guineensis), switch grass, Miscanthus, bioengineered algae, and Jatropha curcas seeds, trees, and 
grasses. First generation biofuel crops (such as sugarcane and maize) from which sap or grain ethanol are 
obtained are already being used. In addition, second generation cellulosic ethanol crops (e.g., Miscanthus) 
appear promising. Third generation biofuels, where micro-algae is grown on CO2 and water to directly 
produce biodiesel, are covered in Section 7.1.2  in this guidebook.  

ii.  Technology description

Agricultural crops and residues are the major sources of feed stocks for energy to displace fossil fuels. A 
wide range of materials such as grain, crop residue, cellulosic crops (e.g., switch grass, sugar canes and 
various tree species) are used for the production of biofuel (Paustian et al., 2004; Eidman 2005). These 
products are processed further to generate liquid fuels such as ethanol or diesel fuel (Richter, 2004). 
These fuels release CO2 when burned, but this CO2 is of recent atmospheric origin (via photosynthesis) 
and displaces CO2 which otherwise would have come from fossil carbon. The net benefit to atmospheric 
CO2, however, depends on energy used in growing and processing the bioenergy feed stock (Spatari et 
al., 2005). 

iii.  Advantages and disadvantages

Advantages

1. Some of the biofuel production such as Jatropha and oil-palms can be grown in dry land and fallow 
area, through commercial experiences.

2. About 70-88 million biogas plants can be run with fresh/dry biomass residues.

3. The substrate such as cattle waste and biomass used for this technology are easily available. Their 
availability to biogas plants can meet the requirement of 12-30 million families.

Disadvantages

1. A larger area of land will be required to satisfy global biofuel demand. Projected growth of biofuel 
crops until 2030 may require over 30 million hectares of land (IEA, 2009). However, Field et al. (2008) 
suggested a need for 1,500 million hectares of land under cultivation of biofuel crops. Melillo et al. 

7. Bioenergy



Technologies for Climate Change Mitigation – Agriculture Sector

90

(2009)’s calculations show biofuel crops would require 1,600-2,000 million hectares by the year 
2100 assuming most fuel demand would be met by biofuels by this time. It is practically impossible 
to spare such a large area of cropland to grow biofuel plants.

2. The land requirement for biofuel crops would compete with that for food and feed crops, causing 
food prices to increase.

3. In many cases for current ethanol production from grain, the fossil fuel associated with use of 
chemical fertilisers, tractor power and so on, results in an unacceptably small net reduction in fossil 
fuel use (e.g., Scharlemann and Laurance, 2008).

4. Production systems with suitable enzymes for utilising cellulosic feedstocks have not yet become 
commercially viable.

5. The resources for biogas generation are not properly managed to generate its maximum biogas 
potential.

6. The lack of availability and the structural operation of biogas digesters are not able to generate and 
develop family-size biogas plants. 

iv.  Economics and mitigation potential

The use of husks as a fuel appears to be a promising mitigation option. Husk could be used for direct 
burning, in biomass gasifier, as briquettes or as solid char. Its relative cost is around US$4 per t CO2e 
saved and the reduction potential ranges from 0.9-1.2t CO2e ha-1 (depending on the level of biomass 
production). Rice husk can easily be collected at milling facilities, so that this source of renewable energy 
seems even more promising than utilisation of straw (Junginger, 2000;Wassmann and Pathak, 2007).

The potential for mitigation is huge, particularly if cellulosic biomass sources can be commercialised. 
However, the economics are such that biofuels have required help from legislation and subsidies to 
penetrate the market, at least in parts of the US where currently a proportion of gasoline must be ethanol 
at certain times of the year more to mitigate air pollution from ozone than to mitigate GHG emissions (e.g., 
Regalbuto, 2009) and there is a legislative mandate for 16 billion gallons of cellulosic ethanol by 2022 
(Robertson et al., 2008). Similarly, Europe has a mandate that 10% of all transport fuels be from renewable 
sources by 2020 (Robertson et al., 2008).

v.  Examples/locations where presently practiced

Brazil probably leads the world in the use of biofuels with about 25% of its ground transportation fuel 
coming from sugar cane ethanol (Somerville, 2006). As mentioned above, in the US ethanol (mostly from 
corn) is blended in gasoline to reduce air pollution in parts of the country at certain times of the year.

vi.  Barriers to dissemination

As already mentioned, a significant barrier to production of biofuels from grain is the competitive need of 
the grain for food and feed. Systems to utilise cellulosic biomass are not yet commercially viable, although 
much research and subsidies are being implemented to stimulate its use. Even if research at the laboratory 
scale is promising, challenges exist in scaling up the infrastructure to provide a feasible supply chain for 
cellulosic bioenergy (Richard, 2010).
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7.2 CO2 mitigation by micro-algae

i.  Technology definition

Micro-algae are a group of unicellular or simple multicellular fast growing photosynthetic microorganisms 
that can conserve CO2 efficiently from different sources, including the atmosphere, industrial exhaust gases, 
and soluble carbonate salts. Micro-algae act as a major system for converting atmospheric CO2 into lipids 
under sunlight and increase the output of algal oil. The enzyme acetyl Co-A carboxylase (ACCase) from 
micro-algae catalyses the key metabolic step in the synthesis of oil in algae. 

Micro-algal technology for mitigating carbon dioxide
About 3,000 species out of 200,000 species were found to be useful for sequestration of CO2 and the 
production of biodiesel (Keffar, 2003). Micro-algae are a promising alternative to CO2 mitigation by CO2 
fixation, biofuel production, and wastewater treatments. CO2 fixation by photoautotrophic algal cultures 
has the potential to diminish the release of CO2 into the atmosphere, thereby helping to alleviate the trend 
toward global warming (Figure 7.1). Biofuel is derived from microbes that can live on land unfit for crops 
and generate nearly engine-ready chemicals which are considered to be third generation biofuels (New 
Scientist, 2011). 

Micro-algae, when fed with CO2 and sunlight, produced large amounts of lipids and hence increase the 
output of algal oil. The enzyme Acetyl CoA Carboxylase (ACCase) from micro-algae helps to catalyse and 
transform CO2 in the synthesis of oils in algae.

Figure 7.1 A conceptual micro-algal system for combined biofuels production, CO2 bio-
mitigation, and N/P removal from wastewater. Inputs: carbon source, CO2; nitrogen and 
phosphorus sources, N/P rich wastewater; energy source, solar energy. Outputs: low

Source: Wang et al., (2008).
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Figure 7.2 Microalgal biomass conversion to secondary products

Modified from: Tsukahara and Sawayama, 2005.

Technological developments, including advances in photo bioreactor design, micro-algal biomass 
harvesting, drying, and other downstream processing technologies are important areas that may lead to 
enhanced cost-effectiveness and therefore, effective commercial implementation of the biofuel using a  
micro-algae strategy.

ii.  Technology description

Micro-algae can fix carbon dioxide from different sources, which can be categorised as:

1. CO2 from the atmosphere.

2. CO2 from industrial exhaust gases (e.g., flue gas and flaring gas).

3. Fixed CO2 in the form of soluble carbonates (e.g., NaHCO3 and Na2CO3).

4. Can be grown in closed systems, which could result in savings of precious freshwater resources.

The systems for using micro-algae for CO2 sequestration involve the following sub systems:

1)  The open pond system

The size of open pond micro-algae production systems typically ranges from 0.22-0.4ha (Pedroni et al., 
2001). An even larger (900ha) single algae production system has been reported from Mexico City (Becker, 
1994). Similarly, the Arizona Department of Environmental Quality reported an algal growing pond of 
1,406ha in Florida (Arizona Department of Environmental Quality, 1995). Advantages for utilising the open 
pond system are low initial and operational costs. Disadvantages of open pond system are the enormous 
size of the area required, which is not affordable in many regions, and a high water requirement.
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Figure 7.3 Azolla algae production in open pond

Source: NAIP (ICAR), Annual report 2009, CRIDA, Hyderabad, India

2)  The closed photo-bioreactor system

Photo-bioreactors provide advantages such as large surface/volume ratios, a barrier to minimise 
contamination, a capacity to achieve a high density of biomass, a high biomass productivity, and 
therefore, high CO2 fixation rate (Rosello et al., 2007). The tubular photo-bioreactor is one of the most 
popular configurations of photo –bioreactors used in algal carbon sequestration process (Travieso et 
al., 2001).

Advantages

1. The photo-bioreactor system has a higher potential productivity due to better environmental control 
and harvesting efficiency.

2. Even though the open pond systems seem to be favored for commercial cultivation of micro-algae 
at present due to their low capital costs, closed systems offer better control over contamination, 
mass transfer, and other cultivation conditions. 

3. Closed photo-bioreactors require less fresh water than open ponds. However, cooling systems 
that utilize water may be needed to cool the reactors under excessively warm conditions, although 
poorer quality water may be utilised for the cooling.

Disadvantages

1. Photo-bioreactors are highly uneconomic due to their prohibitive cost. 

2. Photo-bioreactors can be used only for micro algal strains that are easily harvested.

3)  Environmentally controlled system

Another strategy explored for CO2 sequestration use by algae is to build moderate environmentally 
controlled systems, such as greenhouses. Growers can control the environment inside greenhouses while 
construction costs are not as high as a photo-bioreactor with a solar collector system.

Bionergy
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iii.  Advantages and disadvantages

Advantages

1. Micro-algal CO2 bio-mitigation can be made more economic, cost-effective, and environmentally 
sustainable, especially when it is combined with other processes such as wastewater treatment. 
The utilisation of wastewater for micro-algae cultivation will bring about remarkable advantages 
including the following:

a) Micro-algae have been shown to be efficient in nitrogen and phosphorus removal (Mallick, 2002), 
as well as in metal ion depletion, and combination of micro-algae cultivation with wastewater 
treatment will significantly enhance the environmental benefit of this strategy.

b) It will lead to savings by minimising the use of chemicals such as sodium nitrate, potassium and 
phosphorus as exogenous nutrients.

c) Micro-algae have much higher growth rates and CO2 fixation abilities compared to conventional 
forestry, agricultural, and aquatic plants (Li et al., 2008).

2. Some micro-algae species, such as Chlorella, Spirulina and Dunaliella have commercial values. It is 
expected that commercial profit from biomass production will offset overall operational costs for CO2 
sequestration.

3. Species such as Chlorella can grow under 20% CO2 conditions, and therefore, they can use industrial 
exhaust gases for a CO2 source, and they can be used as a health food (Becker, 1994).

4. Some micro-algae (eg. Dunaliella) use CO2 to produce secondary metabolites such as β-carotene, 
fertilisers, and biofuels as byproducts of economic importance. These products are used as food, 
medicine and cosmetic products. They also produce cost-effective biofuel (Graham and Wilcox, 
2000).

5. Micro-algae are also considered as multifunctional systems which are used as waste treatment, 
especially for the removal of nitrogen and phosphorus from effluents (Mallick, 2002) and in aqua 
culture farms, as well as being an environmental friendly technology. 

6. The high growth rate of micro-algae makes it possible to satisfy the massive demand for biofuels, 
using limited land resources without causing potential biomass deficit. 

7. Micro-algal cultivation in closed systems consumes less water than land crops.

8. The tolerance of micro-algae to high CO2 content in gas streams allows high-efficiency CO2 
mitigation. (Table 7.1).

9. Nitrous oxide release could be minimised when micro-algae are used for biofuel production.

10. Micro-algal farming could be potentially more cost-effective than conventional farming.

11. Micro-algal farming can be coupled with flue gas CO2 mitigation and wastewater treatment. 
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Table 7.1 CO2 tolerance of various micro-algae species

Species Known maximum CO2 concentration References

Cyanidium caldarium 100% Seckbach et al., 1971

Scenedesmus sp. 80% Hanagata et al., 1992

Chlorococcum littorale 60% Kodama et al., 1993

Synechococcus elongatus 60% Miyairi, 1995

Euglena gracilis 45% Nakano et al., 1996

Chlorella sp. 40% Hanagata et al., 1992

Eudorina spp. 20% Hanagata et al., 1992

Dunaliella tertiolecta 15% Nagase et al., 1998

Nannochloris sp. 15% Yoshihara et al., 1996

Chlamydomonas sp. 15% Miura et al., 1993

Tetraselmis sp.  14% Matsumoto et al., 1995

Disadvantages

1. A low biomass concentration in the micro-algal culture must be maintained in order not to limit 
light penetration which in combination with the small size of algal cells makes the harvest of algal 
biomasses relatively costly.

2. The cost of production is very high.

iv.  Economics and mitigation potential

As per Schenk et al. (2008) and Benemann and Oswald (1996) the cost of algal oil production comes 
in the range of US$52–$91 per barrel. This estimate was based on 400 hectares of open ponds, using 
either pure CO2 or flue gas from a coal-fired power station and productivity assumptions of 30-60 g m−2 

day−1 with 50% algal lipid yield. Such high yields are theoretically possible but to date have not been 
demonstrated. Another analysis (Huntley and Redalje, 2006) estimated algae oil production costs to be 
US$84 bbl. This scenario was based on the infrastructure cost assumptions utilising a hybrid system with 
an aerial productivity of 70.4 g m−2 day−1and 35% algal lipid yield. 

v.  Examples/locations where presently practiced

Obtaining biofuels from micro-algae is a research topic at several locations around the world. However, 
commercial production does not yet exist. According to Wijffels and Barbosa (2010), current worldwide 
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micro-algal manufacturing infrastructure can produce only about 5,000 tonnes of dry algal biomass per 
year, and that is devoted to extraction of high value products, such as carotenoids and omega-3 fatty 
acids for food and feed ingredients.

A biotechnology company Joule Unlimited of Cambridge, Massachusetts has set up a plant with 
photosynthetic cynobacteria with modified DNA. Unlike normal cynobacteria which accumulates 
greater oil content within their cells, these secrete alkanes – the primary components of diesel – 
which simplifies collection efforts. Previous scientific studies provide evidence that some microbes, 
including a number of cynobacteria, can synthesise alkanes. The genetic pathways involved have 
been unclear, but it has been found that enhanced expression of genes and in species such as 
Thermosynechococcus elongates (which inhabit hot springs) encouraged the microbes to secrete 
their alkanes (New Scientist, 2011).

vi.  Barriers to dissemination

The main barrier is the enormous cost of production, as well as practical aspects, such as harvesting and 
drying. Wijffels and Barbosa (2010) estimate an area the size of Portugal would be needed to supply the 
transport fuel needs of Europe from micro-algae, so the scale of production would have to increase by 
three orders of magnitude. They also state that a concomitant decrease in the cost of production by a 
factor of 10 is needed.
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i.  Overcoming barriers

There are significant opportunities for greenhouse gas mitigation in agriculture, but numerous barriers 
need to be overcome. Many recent studies have shown that actual levels of greenhouse gas mitigation 
are far below the technical potential for these measures (Smith et al., 2005a). The gap between technical 
potential and realised greenhouse gas mitigation is due to barriers to implementation, including climate 
and non-climate policies, as well as institutional, social, educational, and economic constraints. The mix 
of agricultural mitigation options that are adopted in the future will also depend upon the price of carbon 
dioxide equivalents. The total biophysical potential of approximately 5,500-6,000Mt CO2e yr-1 will never 
be realised due to these constraints, but with appropriate policies, education, and incentives, it may be 
possible for agriculture to make a significant contribution to climate mitigation by 2030. 

ii.  Co-benefits

Mitigation of greenhouse gases through agricultural actions that increase soil C reduces vulnerability to 
drought and other stresses. It also improves the water holding capacity due to increase in soil C content 
to help in sustainable agriculture. Efficient use of N fertilisers would improve falling yields and control of 
N2O emissions.

Policies that are the most effective at reducing emissions may be those that also achieve other social goals 
such as rural development, poverty elimination, improved water management, and agro-forestry. These 
other goals are synergistic with mitigation. Mitigation policies that encourage efficient use of fertilisers, 
maintain soil C, and sustain agricultural production are likely to have the greatest synergy with sustainable 
development. Reductions in emissions per unit of production can be achieved by increases in crop 
yields and animal productivity. This is possible by better management of crops, cultivation, nutrients, and 
irrigation, genetically modified crops, improved cultivars, precision agriculture, improved animal breeds, 
improved animal nutrition, dietary additives and growth promoters, improved animal fertility, bio-energy 
feed stocks, and anaerobic slurry digestion and methane capture systems. Here precision agriculture is 
not only nutrient management but also involves many other activities such as irrigation, cultivar types, 
soil management, integrated pest management and other activities involving agricultural systems. These 
technological improvements could potentially counteract the negative impacts of climate change on 
cropland and grassland soil carbon stocks. Therefore,  technological improvements are  a key factor in 
future mitigation of greenhouse gas emissions.

iii.  Carbon crediting

Carbon sequestration and emissions reductions achieved through many of these technologies can also 
avail carbon credit benefits through the carbon market. A few projects have been successfully registered 
for Clean Development Mechanism (CDM) benefits so far. Intermittent irrigation, alternate wetting 
and drying and direct seeded rice technologies already have an approved CDM methodology titled 
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‘Methane emission reduction by adjusted water management practice in rice cultivation’ (AMS-III.AU) 
methodology (UNFCCC, 2012b). One project in Java, Indonesia based on this methodology is listed in 
the CDM project pipeline. The project includes an area of 5,250ha and 8,900ha during the first two years 
and 12,500ha for subsequent years. The project is still at validation stage and proposes to generate 
49,209 carbon credits per year for a crediting period of 7 years (UNFCCC, 2006a; CD4CDM, 2012). 
‘Consolidated baseline methodology for GHG emission reductions from manure management systems’ 
(AMC0010) and ‘Methane recovery in animal manure management systems’ (AMS-III.D) methodologies 
are applicable to manure and bio-solid management (UNFCCC, 2012a; UNFCCC, 2012c). Many CDM 
projects have been registered using these methodologies. One such project is ‘Ramirana Emission 
Reduction Project of Agrícola Super Limitada’ in Chile. This involves use of advanced treatments for 
swine waste and proposes to generate 58,684 carbon credits per year for a crediting period of 7 years 
(UNFCCC, 2006b; CD4CDM, 2012). 

However uncertainties regarding the future of the Kyoto Protocol and unavailability of approved 
methodologies for other technologies (like agriculture biotechnology, cover crop, nutrient management, 
tillage/residue management, potassium fertiliser application, nitrogen inhibitor application, application of 
electron acceptor, agro-forestry, improved feeding practices and organic agriculture) that lead to either 
carbon sequestration or GHG emissions reduction suggest that a very large role for CDM is unlikely. In the 
future, however, the dissemination of many of the technologies listed in this guidebook  depends greatly 
on the progress in global climate negotiations with respect to financing of climate friendly technologies.

iv.  Adapting technologies 

Adapting the technologies to local conditions is necessary. Involving local farmers, extension agents and 
research institutions in technology design and dissemination is critical. The effectiveness of mitigation 
strategies also changes with time. Some practices, like those which elicit soil C gain, have diminishing 
effectiveness after several decades. Others, such as methods that reduce energy use, can reduce 
emissions indefinitely. 

v.  Research

The technologies available for mitigation are at different stages of development. Much research and 
development are required to make these technologies commercially viable and usable. International 
agencies can play an important facilitator role for appropriate technology development, demonstration, 
and subsequently increased penetration. Various research and implementation agencies representing 
different stakeholders in the country would have to work in close coordination to develop and utilise 
existing and innovative technologies for mitigation. For example, in identifying low methane-emitting rice 
systems the following need consideration: 

1. Characterising site specific settings for mitigation.

2. Developing packages of mitigation technologies on a regional basis.

3. Ascertaining synergies with improving productivity mitigation technologies to account for the balance 
between methane mitigation and N2O emissions.

4. Utilisation of the GIS database for identifying low methane-emitting rice cultivars and for their site 
characterisation.
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The agriculture sector is a significant contributor to GHG emissions and requires major consideration 
in global mitigation efforts. Despite this, not much progress has been made towards mitigation in this 
sector. A lack of awareness and guidance as well as a lack of economic strength of farmers have led 
to continuation of older and higher GHG-emitting agricultural practices. Suitable government policies 
and programmes are key requirements for better implementation of new GHG mitigation technologies, 
especially in developing countries. There are several policies already promoting GHG emissions 
reduction from this sector including land management practices, bio-energy plantation and utilisation, 
reduced tillage farming and other soil organic carbon management policies in some developed regions 
of the world. New policies should be adopted in developing regions which promote the execution of 
such mitigation technologies through imposition, incentives or subsidies. Policies encouraging research 
in this domain are also needed to understand adaptability of new technologies in various climatic and 
ecological conditions.

Conclusions
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