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Long-term economic and environmental concerns have resulted in a great amount of
research on renewable sources of biomass and bioenergy to replace fossil fuels in the
past decades. Decentralized biogas technology is one of the most potential technologies
of biomass and bioenergy by using agricultural waste materials (e.g., animal manure, crop
straw, and by-products from food industries) as feedstocks. By-products from biogas pro-
duction, called digestate, are nutrient rich, which could potentially be reused as green
fertilizers in agriculture, thereby providing a sustainable substitute for synthetic fertilizers
for farm ecosystem. Thus, the biogas production of anaerobic digestion is win–win option
for livestock and crop producers to address issues of waste management and energy
supply, and to avoid contamination of surface and ground waters and emissions of odors
and greenhouse gases. In this paper, we review biogas production technology and then
evaluate environmental effects of digestate used as fertilizer. Finally, we discuss issues of
deployment of decentralized biogas technology for farm ecosystem. Economic and tech-
nological barriers still exist for large scale deployment of biogas technology in rural region.
Two national scale deployments in China and Nepal showed that the operational status of
biogas digesters is not optimal and up to 50% of plants are non-functional after a short
operation period regardless of the social and economic factors. Main barriers are a wide
variation of feedstocks and environmental conditions (e.g., temperature) over space and
time. It becomes clear that the experimental conditions of the pilot plants need to be
adjusted and calibrated to the local feedstocks and climate. Also, more research needs
to be done in cold fermentation technology. Thus, collaboration of all relevant designers,
farmers, stakeholders, and regulators is proposed as the way forward, particularly as their
complexity has been identified as the major hurdle to the implementation of decentral-
ized biogas production, which can deliver beneficial synergies for the decentralized biogas
production in rural region responsible for food production and waste management.

Keywords: biogas, digestive system, anaerobic digestion, waste management, greenhouse gas emissions, crop
residues, digestate, digestate used as fertilizer

INTRODUCTION
Biogas energy can make a major contribution to climate protec-
tion and resource conservation, regardless of whether wastes or
specially cultivated crops are used as feedstocks. There are lots of
biomass and bioenergy technologies (Chung, 2013, 2014; Tonini
et al., 2013). Biogas production using anaerobic digestion (AD)
is one of the most potential technologies in bioenergy portfolios.
AD biogas can be produced of nearly all kinds of organic materials
and wastes from agriculture and food industry.

The UK generates some 30 million dry tonnes of this waste
material a year, capable of producing some 6.3 million tonnes
of oil equivalent of methane (CH4) gas (NSCA, 2006). It has
been estimated that only 68% of the weight of a chicken, 62%
of a pig, 54% of a bovine animal, and 52% of a sheep or
goat are directly consumed (Swisher, 2006). This means that,
every year, 34 ~ 44% of the weight of livestock are waste (mil-
lions of tons of animal by-products are produced worldwide). In
Canada, the energy potential of the five sources of biogas energy
(agricultural, landfill gas, municipal/residential organics, organics

from commercial source, and wastewater residual) is estimated at
810 MW or 2420 Mm3/year of renewable natural gas in which the
contribution of agriculture is 68% (550 MW or 1650 Mm3/year)
(Biogas Association, 2013). The production of Canadian livestock
manure increased by 16% (an estimated 25 million tonnes) from
156 million tonnes in 1981 to 181 million tonnes in 2006 (Hof-
mann, 2006). Canadian cattle population raised just over 12.5
million cattle in January 1, 2012, up 0.5% from the same date
a year earlier; the first year-over-year increase in 7 years (Statis-
tics Canada, 2012). The potential biogas recovery estimated for
8200 U.S. dairy and swine operations is more than 13 million
megawatt-hours (MWh) per year, replacing about 1670 MW of
fossil fuel-fired generation (EPA, 2012).

The rate of biogas production depends on the rate of removed
soluble chemical oxygen demand (sCOD) and the temperature,
which is also related to the dry matter (DM) or organic dry matter
(ODM) of the feedstock material. In human feces, organic matter
makes up to 86% of DM. Depending on the digester type, reten-
tion time and biodegradability, about 40–90% of organic matter
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could be converted to biogas (Mang and Li, 2010). Thus, there
are rich waste resources for AD biogas production without com-
petition of land use with food crop production. These significant
feedstock resources are available for the production of biogas in
the worldwide allowing us both to manage a waste issue and to
provide a source of renewable energy.

There are two basic biogas technologies: centralized and decen-
tralized plant. A centralized biogas plant is large scale for the
treatment of waste and biomass. This technology has advantages
due to its large scale. Waste can be pretreated, processes can be
adjusted and operators can be trained. However, due to low energy
density of biomass and waste, there is an issue of a centralized bio-
gas plant for large size energy production, for which huge raw
feedstocks needs to be transported and stored. The feedstock sup-
ply network needs guarantee under long-term contracts. Thus,
energy production using AD may be cost except for those sites with
availability of local feedstocks, such as livestock farms. Huopana
et al. (2013) investigated sustainable biogas electricity production
in a Finnish province. They showed that the biogas production
potential is marginal from biodegradable waste of the energy con-
sumption (e.g., transportation). Manure should be considered as
a raw material for waste management rather than those for biogas
production due to negative contribution to the net energy balance
between the biogas production and the energy consumption of
manure transportation. In the UK, a life cycle assessment of bio-
gas infrastructure was carried out by Patterson et al. (2011) for
centralized and decentralized options in a regional scale. An 80%
heat utilization had the least environmental impact, followed by
transport fuel use. A 32% difference of transportation between
centralized and decentralized options had a relatively small effect
on the overall environmental impact. For treatment of sewage
sludge, AD has advantage for the main objectives of the degrada-
tion and destruction of organic feedstocks, with consequent sludge
stabilization and pathogen reduction since sewage sludge supply
is stable (Aiyuk et al., 2006; Tomei et al., 2009; Abe et al., 2011). A
decentralized biogas plant is small size which may be more attrac-
tive since raw feedstocks are available in certain distance for small
farm scale. This is very suitable for small farm without the key issue
of transport and storage. Therefore, a decentralized AD plant of
biogas production has clear advantages on islands, farm, and even
rural region on the mainland – far away from power sources, where
the cost of transporting the power (electricity, gas, diesel, propane)
is better spent building smaller local plants to produce energy to
off-set them.

It is well-known that farmers routinely used manure to com-
plement a good fertility program due to its rich nitrogen (N) and
phosphorus (P), which are important nutrients for crop growth.
Manure is also a source of organic matter and can increase porosity
of soils, which can help improve soil’s water-holding capacity and
reduce soil erosion. However, manure can also become a source of
pollution leading impacts on the environment and human health
(Petersen et al., 2007). For instance, bacteria found in manure have
been found both in municipal and private drinking water supplies
(Hofmann and Beaulieu, 2001). Excessive buildup of phosphorus-
based nutrients in farmland where too much manure is applied
over time is also a problem of watershed protection (Mani-
toba Government, 2014). An over-enrichment concentration of

phosphorus and other nutrients in surface water is called eutrophi-
cation. The eutrophication is a widespread problem for aquatic life
in rivers and lakes due to growth and blooms of algae. Blooms of
some algae may release toxins to a harmful level into surface water
for wildlife, livestock, and humans if they drink the water. Manure
can also be a source of nuisance odor. Today, a major challenge in
manure management is the sheer volume and health risks posed
by raw manure because of increasing emphasis on manure man-
agement to protect water quality, and the need to safely dispose
of this resource as it accumulates. Furthermore, because of ris-
ing costs of commercial fertilizers and demands of organic foods,
renewed interest has been focused on maximizing the fertilizer
returns of organic manures. Imagine if the pathogen, bacteria,
and odor could be removed from livestock manure, the remaining
solids or liquid are converted to pathogen-free digestate as fertilizer
(Johansen et al., 2013). Biogas energy presents not only opportu-
nities for farmers who can enhance the value of their agricultural
waste (animal manure and crop residues) through biogas produc-
tion and digestate used as fertilizer but also benefits for the climate
change through reduction of greenhouse gas emission and odor
emissions. Therefore, biogas has the potential to offering cleaner,
more-efficient alternatives to the fossil energy for our heat and
electricity demand and it will be an important part of the com-
prehensive and balanced technology portfolio needed to address
two most important challenges of food production – significantly
reducing carbon and odor emissions and providing organic foods
(Zheng et al., 2010).

A green farm ecosystem is an integrated system of AD biogas
plant for waste treatment and digestate organic fertilizer for crop
growth (Figure 1). AD biogas production plays a pivotal role in
such a farm ecosystem. In the AD biogas production, the waste
biomass is fed into a sealed tank called digester, where biomass is
heated and agitated. In the absence of oxygen, anaerobic microor-
ganisms consume the biomass to multiply and produce biogas.
AD captures CH4 and carbon dioxide (CO2) from the manure and
food by-products, reducing the greenhouse gas emissions (GHGs)
in agricultural nutrient management. The by-products from the
digester are known as digestate. AD treatment can reduce the
pathogen, bacteria, and odors levels in the raw manure and food
waste by up to 99%. Schievano et al. (2011) carried out an on-field
calculation of mass, carbon, and nutrients balance at full-scale
plants to improve AD performance and evaluate efficiency. AD
digestate are nutrient rich, which could potentially be reused as
green fertilizers in farms, thereby providing a sustainable substi-
tute for synthetic fertilizers (Wang et al., 2011; Vaneeckhaute et al.,

FIGURE 1 | Schematic of farm ecosystem with AD biogas production.
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2013) and recycling nutrients for crop production to off-set the
use of synthetic fertilizers. Searchinger et al. (2008) confirmed the
AD value using waste products. Livestock producers can address
waste management issues and avoid contamination of surface and
ground waters, and emissions of odors, ammonia, and carbon
greenhouse gases. In a short word, biogas production is multi-win
option for current energy, climate change, water and food security
strategy in advanced farm management.

ANAEROBIC DIGESTION
There are lots of publications on principle and processes of AD,
which are taken as matured technologies during AD deployment.
First of all, let’s revisit major factors of AD processes in use of these
matured technologies.

PROCESSES OF ANAEROBIC DIGESTION
Anaerobic digestion is a collection of processes by which microor-
ganisms break down biodegradable material in the absence of oxy-
gen. There are three basic AD processes: psychrophilic, mesophilic,
and thermophilic (Bisschops et al., 2009), which take place over
different temperature ranges. Psychrophilic digestion is a low
temperature (<20°C) processes. Mesophilic digestion takes place
between 20 and 45°C, which can take a month or two to complete,
and thermophilic digestion between 45 and 65°C, which is faster,
but its microorganisms are more sensitive. AD processes includes
four steps (Demirbas and Balat, 2009): hydrolysis, fermentation,
acetogenesis, and methanogenesis, as shown in Figure 2. In the
hydrolysis step, the feedstocks of insoluble large polymers are bro-
ken down into soluble substrates (e.g., sugar and amino acids)
by enzymes. Fermentations of the monomeric products are most
important in which sugar, amino acids, and fatty acids are con-
verted into ammonia, organic acids, hydrogen (H2), and CO2.
Volatile fatty acids are also produced along with CO2 and H2.
In acetogenesis step, volatile fatty acids are broken down into
acetic acids, CO2 and H2. Finally, methanogenesis step converts
acetate, formaldehyde, and H2 to CH4 and water. Thus, the AD
consumes carbon of waste to produce biogas (CH4, H2, and CO2)
and digestate.

OPERATING CONDITIONS OF ANAEROBIC DIGESTION
In Figure 2, there are many products, by-products and intermedi-
ate products produced during the digestion process of feedstocks
to the final product (CH4 and CO2). Microorganisms break down
biomass materials in anaerobic conditions and produce CH4 and

other gases in the process of completing their life cycle. There are
many species of methanogens. The different CH4 microorganisms
have physiological properties in common and their character-
istics vary along with the micro-climate within the digester. As
living organisms, they tend to prefer their own certain conditions.
The balance between microbial populations must be maintained
for optimal biogas production. However, there are many facili-
tating and inhibiting factors that affect the microbial processes,
such as temperature, type of feedstock, pH, toxicity, and hydraulic
retention time (HRT) since microorganisms are sensitive to the
micro-climate. Thus, the stability and reliability of the anaerobic
process are very fragile because methanogenic microorganisms
develop slowly and are sensitive to sudden change of biological,
physical, and chemical conditions in the digester. Some of these
factors are discussed below.

Temperature
Temperature is a very critical factor, which affects activities of the
methanogens. Sudden changes in temperature adversely affect the
biogas production. The methanogens are inactive in extreme high
and low temperatures. The optimal temperature for AD process is
30–40°C for mesophilic and 50–60°C for thermophilic processes.
The rate of methanogen bacterial growth is faster under ther-
mophilic conditions, resulting in a faster waste degradation. When
the ambient temperature goes down to 10°C, gas production virtu-
ally stops. Since unheated plants and digesters without insulation
do not work satisfactorily when the mean temperature is below
15°C, proper insulation of digester helps keep temperature and
increase gas production in the cold season. For cold climate, proper
heating may be necessary to maintain the optimal temperature
condition in the digester. Some laboratory anaerobic digesters
were carried out over the temperature range of 10–23°C (Safley
and Westerman, 1994). Dairy and swine manure were fed into the
digesters at the rates of 0.1 and 0.2 kg volatile solids (VS)/m3-day.
The digesters were operated successfully with little indication of
instability.

pH value and alkalinity
Microorganisms producing CH4 prefer a neutral to slightly alka-
line environment. Methanogenic bacteria are very sensitive to
pH value and do not thrive at a very high or low pH. Gen-
eral range of pH value in the digester is between 6.4 and 7.4.
The optimal biogas production is achieved when the pH value is
between 7 and 7.1. The pH in a biogas digester also is a function

FIGURE 2 | Four steps of anaerobic digestion processes.
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of the retention time. In the initial period of fermentation, acid-
producing microorganisms grow quickly; they may produce large
amounts of organic acids, which cannot be consumed by the
methane-forming microorganisms. The pH inside the digester
can drop quickly. This inhibits or even stops the digestion or
fermentation process.

Retention time
Retention time is also known as hydraulic retention time (HRT).
The time is the number of days that the feedstock stays in the
digester. HRT is depending on digester structure, loading rate,
feedstock types, and temperature. The retention time of a digester
is calculated by dividing the total volume of the digester by the
volume of inputs added daily. Furthermore, a digester should have
a volume of 50–60 times the slurry added daily. Thus, a reten-
tion time is of 8–100 days, depending on local climatic conditions
(FAO, 1996; Kim et al., 2006; Bond and Templeton, 2011). The
HRT is also dependent on the temperature and up to 40–50°C.
Thermophilic digesters showed higher rate of sCOD removal than
mesophilic ones. The rates of biogas production by thermophilic
digesters were generally higher than those by mesophilic digesters,
which means a shorter HRT for thermophilic. A higher temper-
ature than 55°C or a lower temperature than 40°C decreased the
removal rates of sCOD (Kim et al., 2006). But for a biogas digester
in cold climate, a longer retention time is needed so that the
pathogens present in human feces are destroyed (FAO, 1996).

Loading rate
Loading rate is the amount of raw materials fed per unit volume
of digester capacity per day. The loading rate units are kilo-
grams of feedstock per cubic meter of digester volume per day
(kg/m3/d), which will be depending on digester volume, concen-
tration of feedstock, HRT and the ratio of Carbon to Nitrogen
(C/N). Loading rate is also expressed in sCOD or VS as the frac-
tion of organic matter in raw materials, which is biodegradable.
The loading rate can be calculated using influent concentration
and HRT. The digester size reduces as the loading rate decreases. If
the digester is overfed, acids will accumulate and CH4 production
will be inhibited because microorganism cannot survive in acidic
situation. Similarly, if the digester is underfed, the gas produc-
tion will also decrease. Santosh et al. (2004) reported that when
loading rate varied at 346–1030 kg VS per day biogas yield was at
67–202 m3/day for a 100-m3 biogas plant operating on manure.
Higher loading rates are recommended only in cases where mean
ambient temperature is high.

Toxicity and inhibition
There are many toxic materials to AD such as fungicides, antibac-
terial agent, mineral ions, heavy metals, and the detergents (Chen
et al., 2008). Some of the toxic materials inhibit the normal growth
of pathogens in the digester. The anaerobic process can handle
small quantity of mineral ions (e.g., sodium, potassium, calcium,
magnesium, ammonium, and sulfur) and heavy metal (e.g., cop-
per, nickel, chromium, zinc, and lead) without difficulty. However,
very heavy concentration of these ions will have toxic effect as well
as the heavy metal. For instance, slight increase of NH4 will benefit
the microorganism growth, whereas its high concentration will be
toxic to microorganisms. Sung and Liu (2003) reported that NH3

concentrations of 4.92, and 5.77 g/l caused a drop in CH4 produc-
tion by as much as 39% and 64% because nitrogen is an essential
nutrient for microorganisms. As NH3 concentrations increased in
the range of 8–13 g/l, NH3 concentration causing 100% inhibition
occurred, depending on acclimation condition and system pH.
Acidogenic populations in the sludge were hardly affected (Koster
and Lettinga, 1988). There are significant differences of inhibiting
ammonia concentrations due to the differences in feedstocks, inoc-
ula, environmental conditions (temperature, pH), and acclimation
periods (Chen et al., 2008).

PROCESS MODELING, MONITORING, AND CONTROL OF BIOGAS
PRODUCTION
A digester is a physical structure, made of various construction
materials in different shape and size. It should be air and water
tight, commonly known as the biogas reactor. Its main func-
tion is to provide anaerobic condition. The efficiency of biogas
digester is strongly affected by operating conditions, feedstock,
and digester design. Therefore, the critical stage of developing high
biogas productivity is establishing an effective microbial commu-
nity containing methanogens during inoculation with organisms
from an operating digester. Once established, the digester will
perform well and have a more robust performance even when dif-
ficult or contaminated feedstock is introduced. More importantly
inoculation appears to set the operational production capacity.
Inoculation environment to build microbial capacity or density
of the consortia is used to determine the ultimate performance
and robustness to difficult feedstock in a digester. To upscale this
optimal biogas production to digester scale, the process model-
ing, monitoring, and control do improve functionality, reliability,
and efficiency. There are five key processes to be controlled in the
digester: (1) primary inoculation of both hydrophobic or immo-
bilization surfaces and the formation of biogas granules, (2) an
effective microbial community containing methanogens during
inoculation with organisms from an operating digester, (3) the
relevant kinetic parameters driving fermentation and productiv-
ity in digester, (4) predictive control model to cope with the large
delay in the process, and (5) a robust adaptive control strategy that
is robust to small changes in operation conditions and feedstock
but adaptive to significant changes.

There are various types of digesters, such as fixed dome in
China, floating dome in India, covered lagoon, and bag design
in Taiwan (Bisschops et al., 2009). Analysis of biogas models will
depend on digester types to assist process monitoring and control,
which in turn can help optimize digester or fermenter operation
and maximize biogas production. Therefore, application of the
mathematical models is a prerequisite to improve performance
of digester, and various models have been developed for the AD
process from steady to dynamic models (Batstone et al., 2000;
Bernard et al., 2001; Mu et al., 2008; Donoso-Bravo et al., 2009,
2011; Tomei et al., 2009). Mu et al. (2008) developed no. 1-based
distributed parameter model of an anaerobic reactor for upflow
anaerobic sludge bet rector. Balmanta et al. (2014) demonstrated
the existence of optimal HRT and inlet mass flow rate of feedstocks
for maximum biogas production through numerical simulations
performed with a general transient mathematical model of an
anaerobic digester introduced in this study.
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Since various chemical and microbiological reactions take place
in the digester, it is desirable to maintain its operating conditions
in an optimal range of parameters (e.g., volatile acids, alkalinity,
temperature, percent CO2, pH, and HRT). Objectives of process
monitoring and control are to control food supply, temperature,
pH, and feed rate to maintain a proper balance between the acid-
forming and the methane-forming bacteria. Gelegenis et al. (2007)
carried out a series of laboratory experiments in continuously
stirred tank reactors at mesophilic conditions. Semi-continuously
various mixtures of diluted poultry manure and whey were fed for
co-digestion, which was proved to be possible without any need of
chemical addition up to 50% participation of whey (by volume)
to the daily feed mixture. In this regard, specific biogas production
remained roughly unchanged at the various whey fractions added
in the feed mixture, mainly due to the lower sCOD of whey com-
pared to that of manure. Cáceres et al. (2012) developed a thermo-
dynamic model of AD for predicting the potential production of
biogas and its composition and a dynamic model of a biogas-fueled
microturbine system for distributed generation applications has
been developed using the MATLAB/Simulink software. However,
due to different feedstocks and digester structures, it is difficult to
determine a general optimal operating condition.

Biogas produced by AD of animal manure is as early as
3000 years ago. There are well-document knowledge of principle
and technology of biogas production. However,with reliability and
durability requiring, we still face a huge of problems. As mentioned
above Section “Operating Conditions of Anaerobic Digestion,” all
the parameters, such as temperature, C/N ratio, pH, loading rate,
HRT, and inhibition, are depending on types of feedstocks and
environmental conditions. Thus, the design of digester systems is
still performed by rule-of-thumb (Baerel, 2006). This is mainly
due to the fact that AD process is not yet fully understood due
to complex feedstocks and environmental conditions. It is clear
that we do not address single issues in isolation, but through a
systems approach that delivers integrated solutions. Most of the
above modeling and experiments are limited in certain feedstocks
and environmental conditions. There is still lack of comprehensive
data for mixture of various feedstocks. More research is necessary
to further optimize AD processes. Due to variation of feedstocks
and environmental conditions, there are currently no general opti-
mal parameters and models available for an accurate evaluation
of performance. The complexity of the microbial activity is seen
as one of the main reasons for the lack of basic knowledge on
digestion systems. Further development and optimization of AD
requires fundamental knowledge on micro-scale, which should
in turn be linked to the macroscale system performance (Appels
et al., 2011). Optimal parameters and AD processes under local
conditions could be a solution.

FEEDSTOCK RESOURCES IN FARM ECOSYSTEM
ECONOMIC FACTORS
A wide range of agricultural crops, residues, manure, and organic
wastes are potentially available for use as feedstocks of AD in
agricultural farms. Generally speaking these feedstocks can be cat-
egorized into two type of feedstock supply in a whole-farm context:
(i) livestock waste (e.g., manure, and food litter), and (ii) general
cropping (e.g., forage, silage,energy crops,grass, straw,wood chip).

In terms of choice of feedstocks, a farm ecosystem based on live-
stock manure is appropriated on livestock farms, and on forage
appropriate on arable farms. If biodegradable wastes are easily
available as feedstocks, the benefits in dealing with the biodegrad-
able waste could be of twofold: (i) economic value of biogas and its
digestate; and (ii) environmental cost avoided in some other ways
such as disposal in landfill (Jones, 2010). However, the economic
benefits of outputs (both biogas and digestate) may become low
if the feedstock are costly such as transport and storage or have to
be purchased. For instance, processing residues/waste, like manure
and straw, are great cheap source of biomass, but if not just onsite
use, it may not always economic viable if consider supply variance
[e.g., technology, associated investment costs (e.g., transport and
storage), and output product prices]. Therefore, for economic and
technical reasons, some materials are more preferred as feedstocks
than others, depending on availability of feedstocks and climate
conditions in local farms.

A small-scale plants can produce lower cost power, increased
employment, environmental improvements. However, broad
judgments about the economic viability of AD at the farm scale are
difficult to make because of the heterogeneous context in which
AD operates, e.g., differences in farm size and system, income,
availability of feedstocks, and the scale at which AD is operated
(Jones, 2010; Jones and Salter, 2013). Yang et al. (2012) showed
that clear regional differences for the potential of biogas devel-
opment, and special funds were distributed scientifically in the
process of biogas development. Governmental policy support is
the major driving force for the deployment of biogas in China.
A total of US$3.8 billion is invested by the government for biogas
deployment from 2003 to 2010 (Feng et al., 2012). In Kenya, it was
difficult for farmers to afford biogas systems without subsides and
respectively 46 and 57% of biogas plant owners received subsidies
covering over 25% of the construction costs (Mwirigi et al., 2009).
Therefore, what scales are optimal economically on farm type and
size? What are the practical requirements to deploy AD biogas
technology (e.g., digestate disposal, income, labor availability, etc.)
and in fact the supply variance and seasonal nature of feedstocks
are major factors in managing systems for most biomass resources
in a farm scale. In the cold climate, heating and insulation of
digesters add extra cost. Essentially this requires developing a busi-
ness model of biogas resource to be flexible as plant equipment.
It is necessary to assess AD economical competition with alterna-
tive uses of crops to secure a supply of feedstocks, and economic
viability of AD at the farm scale.

FEEDSTOCK CHARACTERISTICS
Theoretically any biodegradable biomass can be used as feedstock
for biogas production processing inside the digester. However,
waste constituents are not equally degraded or converted to gas
through AD and their potential to biogas production varies in
terms of C/N ratios. Biomass with either excessive carbon or nitro-
gen can result in poor digester performance and biogas with high
CO2 content. The digestion of biomass with high N and sulfur
concentrations can produce high concentrations of ammonia and
hydrogen sulfide. The high concentration of ammonia can increase
the pH value to above 8 which will have toxic influence on CH4

microorganisms. On the other hand, if the C/N ratio is very high,
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methanogens will consume N rapidly for meeting their protein
needs and will no longer react on the left over C content. The plant
feedstock (e.g., straw, grass, and sawdust) have a high C/N ratio of
60–200 and animal manure (e.g., pig, sheep, and cattle dung) have
a higher C/N ratio of 18–30. However, chicken and duck manure
has a lower C/N ratio of 8–10. Biomass with a C/N ratio between
20 and 30 has been reported to produce optimal biogas compo-
sition (FAO, 1996; das Neves et al., 2009). Furthermore, wastes
that are not particularly water-soluble will breakdown slowly and
anaerobic microorganisms do not degrade lignin and some other
hydrocarbons. Thus, cattle and dairy wastes will degrade slower
due to a high C/N ratio than swine or poultry manure.

Feedstocks containing high C/N ratio could be mixed with
those containing low C/N ratio to average C/N ratio of the
feedstock input to a desirable level. The feedstocks fed into the
digesters will not be totally feedlot manure but will also con-
sist of other organic materials (e.g., such as stillage, straw, grass,
ground-up pallets, hog mortalities, and food wastes) (Clemens
et al., 2006; AG ANNEX News, 2011). A specific mixture will
achieve the optimal biogas production. Thus, a homogenous mix-
ture of two or more feedstocks applied for digestion is digested
at the same time, so-called co-digestion. It has been realized that
co-digestion can improve biogas production and stability. A Spain
team (AG ANNEX News, 2011) has tested in vitro the combi-
nation of pig slurry with agricultural by-products (e.g., peppers,
tomatoes, peaches, and kaki) to study biogas production and the
optimal combination of feedstocks. It has been found that peppers
increased biogas production by 44% compared with slurry-only;
tomatoes, by 41%; and peaches, by 28% (AG ANNEX News, 2011).
There is no any difference observed for kaki. In co-digestion of
crop straw and manures (Lehtomäki et al., 2007), manures pro-
vide buffering capacity and a wide range of nutrients, while the
addition of straw with high carbon content balances the C/N ratio
of the feedstocks, thereby decreasing the risk of ammonia inhibi-
tion. In China, as a means to balance C/N ratio, it is customary to
load rice straw at the bottom of the digester upon which latrine
waste is discharged. Similarly, in Chitawan district of Nepal, ele-
phant dung was fed in the digester in conjunction with human
waste to balance C/N ratio for optimal biogas production (Karki
et al., 1994). Risberg et al. (2013) studied co-digestion of steam
exploded or non-pretreated wheat straw with cattle manure. They
had not found improved biogas yield when co-digesting wheat
straw with manure. Panyadee et al. (2013) showed the methane
production increased by 34% when the substrate was switched
from food waste to the mixed food waste, and no signs of inhibi-
tion were observed. Heaven et al. (2011) investigated co-digestion
with cattle slurry or with vegetable waste. They found accept-
able specific and volumetric methane productions, and a digestate
low in potentially toxic elements. Therefore, most of biogas plants
make co-digestion between three and five feedstocks concurrently,
leading ~10% higher biogas yield compared to single feedstock
digestion (Pöschl et al., 2010; Galante et al., 2012).

DIGESTATE USED AS FERTILIZER
Both fluid and solid digestates are rich in N, phosphorus (P),
and potassium (K) as an organic fertilizer, thereby providing a
sustainable substitute for synthetic fertilizers (Vaneeckhaute et al.,

2013) and recycling nutrients for organic crop production to
off-set the use of synthetic fertilizers. All organic fertilizers stim-
ulated potential organic food production for ecosystem farm.
However, different feedstocks and AD treatment generate diges-
tate of differing chemical composition compared to undigested
animal manures, which may affect the soil microbial ecosystem
differently and plant growth when used as fertilizers (Abubaker
et al., 2012, 2013). Bertora et al. (2008) showed that N2O and CO2

emissions as well as denitrification processes and nitrate availabil-
ity are depending on AD processes with an equal amount of total
N supplied, the C slurry and NH4

+ content, and the complexity
of the organic compounds. In order to fully exploit biogas diges-
tate in crop production, it is necessary to investigate the effect of
different soil types and biogas digestate types on crop growth and
GHGs and to devote more effort to developing biogas processes
that not only produce biogas but also organic fertilizers.

SOIL AMENDMENT OF DIGESTATE
The AD process produces three valuable components from the
manure and food by-products: biogas, fluid digestate, and solid
digestate. Biogas consists of 50–60% CH4, 40–45% CO2, and trace
amounts of hydrogen sulfide (H2S). As a result of the AD process
a number of changes in slurry composition can be expected.
Both fluid and solid digestates are nutrient rich in N, phospho-
rus (P), and potassium (K) as an organic fertilizer with free of
seed, pathogens, and odors. That is because the digestate resulting
from the anaerobic process uses only the C, but the N, P, K, and
micronutrient components remain intact (Kryzanowski, 2013).
Therefore, the nutrient profile of the digestate is much the same
as the nutrient profile of the feedstock sources and digestate are
excellent sources of nutrients. There are a substantial reduction
of 25% in solids content and a consequential increase in ash con-
tent, due to the conservation of minerals and reduction of slurry
organic matter (ADAS and SAC, 2007). Increases in slurry pH are
estimated at about 0.5 pH units and increases in ammonium N
content is up to one-quarter. These changes are less consistent
than the reduction in solids content and organic matter content,
depending on digester operating conditions, and the analysis of
the feedstock slurries (ADAS and SAC, 2007). However, Total N is
obviously increases after AD treatment. The digestate can continue
to be land applied as an organic fertilizer on the farm owner’s land.
One of the possible consequences of the increase in slurry pH and
NH4-N content following AD is an increased risk of NH3 losses
during storage, and ammonia and N2O emissions after land appli-
cation. The increase in slurry ammonium N content, usually with
increase in pH and reduction in solids content, may result in a risk
of increase during post-digestion storage (Smith et al., 2007). Such
increased emissions during storage can be effectively controlled by
a range of store coverings. Sanchez et al. (2008) studied the degree
of stability attained by livestock farm wastes through AD. The
stability of digestate is related to manure type and temperature.
An important but little understood aspect of biogas production is
its overall impact on soil C and N cycling. Increased biogas pro-
duction from organic waste will inevitably lead to higher input
of its digestate to the soil amendments as fertilizers (Arthurson,
2009).
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Möller and Stinner (2009) showed that N2O–N emissions
increase remarkably after shallow injection of slurry in closed
slots, particularly if digested slurry was applied. This indicated
that enhanced denitrification from nitrification, related to a higher
supply of readily available NH4–N for the nitrifying organisms,
was the main driving force for course and amounts of emitted
N2O (Moller, 2009). Huang et al. (2004) showed that the N2O–N
emission fraction for mixture of residues and urea amendment is
dependent on the C/N ratio when plant residue was incorporated
with lower C/N ratio of the residues inducing higher concentration
of C and larger amount of N2O emission. Cumulative emissions
of N2O and CO2 were negatively correlated with the C/N ratio in
plant residues. High concentration of N in digestate is valuable to
help promote crop growth and has potentials to play a key role in
improving soil sustainability. However, overuse may contribute to
soil, water, and air pollution. Therefore, to a large extent the sus-
tainability of a particular biogas production chain will depend on
the possibilities for its digestate disposal (Taheripour et al., 2010).
Digestate fertilizer may have a large environmental footprint due
to the emissions of GHGs during both AD and use, mainly as
CO2 evolved during AD and N2O evolved as the soil fertilizer.
N2O is a particularly potent GHG with a global warming poten-
tial almost 300 times that of CO2. Emissions of NH3, N2O, and
CH4 have been compared among undigested and digested pig and
cattle slurry applications in Finland (Regina and Perälä, 2006).
Pig slurry was applied on barley with target soluble-N application
rates of 100 kg/ha. When undigested or digested pig slurries were
injected, no NH3 emissions were detectable in field experiments in
2005–2006. Where the slurries were land spread before sowing the
barley crop NH3 emissions continued until the slurry was incor-
porated (1 h after application). Compared to fertilizer properties,
a final byproduct (digestate) through AD was obtained with very
good fertilizing properties because of the high nutrient content (N,
P, K) in available form. In this regard, the digestate appears to be
a very good substitute of synthetic fertilizers, also contributing, to
the short-term soil organic matter turnover (Tambone et al., 2010;
Chen et al., 2012). However, it is still unclear how these digestate
will affect microbial activity and transformation processes in soil,
and thereby its GHG balance and organic C sequestration. For
instance, little is known about their effects on the GHG balance
of the soil, in particular on N2O emissions for many animal by-
products approved by organic farming regulations (Cayuela et al.,
2010a,b).

MODELING OF DIGESTATE USED AS FERTILIZER
A more natural approach to evaluate the quality and influence of
digestate is to test their performance in the soil–plant system. The
plant is the ultimate integrator and the quality of the fertilizer can
be assessed by observing the growth and yield of plant under fully
controlled conditions. Attempts were carried out to model soil-
plant interaction and GHGs when digestate was used as fertilizer
(Wang et al., 2011) (Figure 3). The model was a framework of
modified DeNitrification and DeComposition (DNDC) (Li et al.,
1992; Wang et al., 2012). When digestate, fertilizer, or manure
is inputted into the soil, N turnover is regulated by denitrifiers or
nitrifiers. N2O production/consumption is controlled by three fac-
tors, namely soil redox potential (Eh), dissolved organic C (DOC)

Climate

Crops

Soils

Fer liser

Manure

Tillage, etc.

Microbes
(Denitrifiers & 

Nitrifiers)

DOC, 

etc.

Eh

NO3
- , 

etc.

CO2

N2O

CH4

Electron donor

Thermodynamic 
switch

Electron acceptor

Eh (Redox poten al)

Gibbs free energy =  Acceptors (O2,NO3
-, SO4

2-, etc) – Donors (DOC, H2S, Fe2+ )

Eh=700~350 mV --- pO2 dominant--- Nitrifica on

Eh=350~250 mV --- pO2 depleted--- DeNitrifica on

Soils

Digestate

FIGURE 3 | Schematic of digestate model ling in soils.

FIGURE 4 | A comparison of N2O emissions among fertilizer, digestate,
and manure.

concentration and available N, i.e., ammonium (NH4
+) or nitrate

(NO3
−) concentration. When Eh= 250−350 mV, DeNitrification

is dominant due to oxygen depletes. When Eh= 350−700 mV,
Nitrification is dominant due to rich oxygen. Natural processes
(e.g., rainfalls and temperature) or management practices (e.g.,
tillage and irrigation) can alter availability of one or more of the
three driving factors and hence affect N2O production. The N2O
production will be reduced or stopped if any of the three factors
becomes limiting (Figure 3). The production and consumption of
CO2,N2O,and CH4 are calculated based on the soil redox potential
evolution sequentially for grassland, arable, or forest ecosystems
(Li et al., 1992; Wang et al., 2012).

The modeling has shown that N2O emissions of the digestate
are dependent on C/N ratio. The emissions increase as C/N ratio
decreases (Figure 4). When C/N is under a value, N2O emissions
of the digestate can be much lower than those of the synthetic
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fertilizer. The digestate may be replacement of the fertilizer for
sustainable agriculture if proper applications. These nutrients
recycle through the timely application of the digestate to land.
This largely eliminates the need for synthetic nutrient purchases.
As a result, only modest fertilizer purchases would be required
(whether synthetic, inorganic or otherwise) to replace nutrients
lost from the soil, for example, through leaching into ground water,
during the cultivation and growing period.

ECONOMIC AND TECHNOLOGICAL BARRIERS FOR
DEPLOYMENT OF BIOGAS TECHNOLOGY IN RURAL REGION
Despite many opportunities for farm biogas development in rural
regions and some successful pilot plants (ADAS and SAC, 2007),
the widespread adoption of decentralized biogas technology has
yet to take off. Decentralized biogas production from manure and
crop residues is not currently economical and reliable because of
its low energy content, reliability, durability, high capital costs, and
low efficiency. There are clear regional differences for the potential
of biogas deployment, and special funds were distributed scientif-
ically in the process of biogas deployment (Yang et al., 2012). AD
in developing countries has far greater relevance to short energy
supply than that in developed countries. Thus, many efforts have
been made for energy production via biogas plants, particularly
in China and India. In developed countries AD was used but pri-
marily as a process for treating high-sCOD waste rather than as
a means of generating energy (biogas). As mentioned before, all
the parameters are depending on feedstocks and environmental
conditions. Therefore, lots of practical problems in deployment
of biogas technology are due to local conditions rather than tech-
nology itself, such as low-quality construction, national financial
subsidies, the availability of biogas feedstocks, low biogas produc-
tion, optimal operating conditions, the buildup of sand, leakage
of pipelines, easy operation and maintenance, and farmer skills
(Chen et al., 2010; Cheng et al., 2014).

ECONOMIC BARRIERS
An essential barrier is the high cost and low performance of bio-
gas digester for the biogas commercialization. For digesters with
electricity-generating potential, it is suggested that a rough thresh-
old size of 300 cows or 2000 swine is required due to economies
of scale in construction and operation (Minnesota Project, 2014).
Improved technologies may reduce this threshold size. While the
construction costs of biogas plants vary between different coun-
tries they are often high relative to the income of farmers and
other potential users. The stories in the developing countries such
as China and Nepal are many thousands of simple, small-scale
digesters that produce biogas for heating, cooking, and light-
ing needs, so-called decentralized biogas technology. A plant of
short life could also be cost effective but such a plant may not
be reconstructed once its useful life ends. In China, the farm
biogas development was mainly affected by combined effects of
climatic conditions and economic level (Yang et al., 2012). This
results in inadequate financial returns and practical benefits if
without government intervention. Especially, while people are yet
to be motivated for the adoption of this technology or the neces-
sary skill and materials are not readily available, high quality and
durability biogas plants can demonstrate good benefits although

this may require a higher initial investment. Therefore, large scale
deployment of decentralized biogas technology requires govern-
mental policy support as the major driving force. The government
invested a total of US$3.8 billion for biogas development from
2003 to 2010 (Feng et al., 2012). A number of digesters (186) cur-
rently operate commercially in the U.S. agriculture in which about
30% of these digesters co-digest other feedstocks with manure. The
number of community digesters is growing under USDA funding
support (EPA, 2010, 2012). Although most of digesters are cen-
tralized in U.S., the main barriers to widespread digester use are
still on high capital costs, investor risk, variability in feedstock and
byproduct markets, and policy (EPA, 2012).

VARIABILITY OF FEEDSTOCKS AND ENVIRONMENTAL CONDITIONS
Problems (e.g., low biogas yield and process instability) are often
encountered in decentralized AD biogas production, preventing
this technique from being widespread (Chen et al., 2008). Consid-
erable research efforts have been made to identify the mechanism
and the controlling factors of biogas production and digester
inhibition. There is a large discrepancy of biogas production per-
formance between pilot plants and practical plants regardless of
the social and economic factors. These discrepancies arise, because
in most cases, due to uncertainty of feedstocks and environmental
conditions in the specific area, where the AD biogas produc-
tion processes take place. The pilot digesters are designed usually
according to anticipated feedstocks and climate conditions. How-
ever, it is difficult to keep main parameters of scalable digesters
consistent with those of the pilot digester due to unavailability of
feedstocks. For instance, manure productions were not uniformly
distributed geographically in Canada concentrated at three major
regions in 2006 as shown in Figure 5 (Hofmann, 2006). There
was similar non-uniform distribution of livestock production in
2012 (Statistics Canada, 2012). The uneven distribution of manure
causes a difficulty for suitability of co-digestion to achieve the opti-
mal biogas production that the biogas plant requires. Due to the
difference in waste feedstock composition, optimal operating con-
ditions in pilot plant needs to be adjusted for some local complex
feedstocks and climate. For instance, due to change of feedstock
availability, C/N ratio of feedstock mixture will be changed. This
means that all the optimal parameters in pilot plant must be cali-
brated to the new conditions as well. However, this is not common
practice in deployment of biogas technology due to lack of local
data now. For instances, it has been reported that biomass with
a C/N ratio between 20 and 30 has been reported to produce
optimal biogas composition (FAO, 1996; das Neves et al., 2009).
However, it is difficult for farmers to keep the mixture of feedstocks
in designed types due to a wide variation of feedstocks. Practical
co-digestion is dependent on availability of feedstocks as well as
farmers’ knowledge. In this regard, this variation of inhibitions can
be attributed to feedstocks change. Thus, many digesters became
defunct after a short operation period due to sudden variation
of feedstocks or environmental conditions (Bond and Temple-
ton, 2011). As a result, the operational status of biogas digesters
is not optimal and well-operation ratio is about 53% in prac-
tice in Nepal (Cheng et al., 2014). In China the total number of
digesters had reached seven million by 1978, but only three mil-
lion of them were actually in operation (He, 2010). The complex
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FIGURE 5 | A geographical profile of livestock manure production in Canada (Hofmann, 2006).

feedstocks supplies result in a wide variety of inhibitory substances
which are the primary cause of anaerobic digester upset or fail-
ure since they are present in substantial concentrations in wastes.
This results essentially from the root causes of suitable feedstocks
shortage.

VARIABILITY OF CLIMATE ZONES
Also, more research needs to be done in cold fermentation technol-
ogy (Balasubramaniyam et al., 2008). Biogas production is suitable
for countries where the ambient average temperature ranges above
15°C. AD ability is significantly reduced below 8°C. The process is
also sensitive to temperature variations of more than 3°C; there-
fore temperature variations have to be kept in a limited range to
ensure a steady biogas production. Biogas production decreases in
cold weather or at higher altitude, ironically, in a time and place
when the farm energy requirement substantially increases. How-
ever, AD at cold psychrophilic temperature (<20°C) has not been
as extensively explored as those mesophilic or thermophilic diges-
tion. Generally a lower temperature needs a longer HRT to achieve
a similar gas production. Most of the anaerobic digesters require
heating and insulation in the cold weather for optimum biogas
production in Canada. Therefore, digesters with good insulation
can keep the digester in optimum operating temperature, which
results in extra cost.

SOLID INORGANIC RUBBISH
Since waste might be contaminated with sand, rock, plastics, rub-
ber, grit, and dirt, these sands or plastics in the digesters had to be
cleared out regularly. The cleaning out of sand buildup is a hard
job and it was not a good option to shut down the digesters to clean
out the sand at regular intervals. It may be difficult for farmers to
find a supplier with experience disposing of the buildup of sand in
the digester on a continuous basis (Kryzanowski, 2013). Thus, it is
desirable that a digester needs to be designed on a potential site that
would be able to use some dirty manure and feedstocks. Certain
degree of specialized skill is required for construction of a biogas
plant, which may not be easily available for farmers. Furthermore,
operators need know the appropriate range of the main parame-
ters under monitoring and control, such as alkalinity, volatile acids,
pH, loading rate, and temperature. All these are linked to inade-
quate emphasis on training, operation, maintenance, and repair
of existing facilities. Biogas users need to be trained on operation
and maintenance including some minor repairs.

CONCLUDING REMARKS
Long-term economic and environmental concerns have resulted
in a great amount of research in the past couple of decades
on renewable sources of biomass and bioenergy to replace fos-
sil fuels. Decentralized biogas technology uses agricultural waste
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materials (e.g., animal manure, crop straw, and by-products from
food industries) as feedstocks. By-products from biogas produc-
tion, called digestate, are nutrient rich, which could potentially be
reused as green fertilizers in farms, thereby providing a sustainable
candidate for synthetic fertilizers for farm ecosystem. The model-
ing has shown that N2O emissions of the digestate are dependent
on C/N ratio and the emissions increase as C/N ratio decreases.
The digestate can be replacement of the synthetic fertilizer for
sustainable agriculture if proper applications. The recycling of
these nutrients through the timely application of the digestate to
land largely eliminates the need for synthetic fertilizer purchases.
Thus, the AD biogas production is win–win option for livestock
producers to address issues of energy production and waste man-
agement, and avoid contamination of surface and ground waters
and emissions of odors, ammonia, and greenhouse gases. However,
there are still economic and technological barriers to be addressed
during large scale deployment of biogas technology. Main barriers
are a wide variation of feedstocks and environmental conditions
(e.g., temperature) over space and time. Particularly, there are
main challenges to design universal digesters and optimize AD
process parameters due to variation of feedstocks and environ-
mental conditions. Two national scale deployments in China and
Nepal showed that the operational status of biogas digesters is not
optimal and up to 50% of plants are non-functional after a short
operation period regardless of the social and economic factors. It
becomes clear that the experimental conditions of the pilot plants
are not sufficient for complex variability of feedstocks and climate
for a wide range of decentralized biogas technology. A digester
need to be adjusted and calibrated carefully, even redesign, to fit
the local feedstocks and climate. Digesters with heating or insula-
tion need to be developed for cold climate as well. Furthermore,
operators need know the appropriate range of main parameters for
monitoring and control, such as alkalinity, volatile acids, pH, feed
rate, and temperature. All these are linked to inadequate emphasis
on design, training, maintenance, and repair of existing facilities.
Biogas users need to be trained on operation and maintenance
including some minor repairs. Thus, collaboration of all relevant
designers, farmers, stakeholders, and regulators is proposed as the
way forward, particularly as their complexity has been identified
as the major hurdle to the implementation of decentralized biogas
production, which can deliver beneficial synergies for the decen-
tralized biogas production in rural region responsible for food
production and waste management.
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