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Literature identification of operational practices and AD reactor designs suitable for small scale
digesters

Literature on biogas is extensive and many parameters have been shown to influence the quality
and quantity of biogas produced from AD. The aim of this section is to derive hypotheses for the
relevance of parameters given the local physical and socio-economic conditions. The outputs have
been summarised in table 2 of the main article .

1.1 Pre-treatment

Pre-treatment is mostly applied to feedstock from complex organic sources such as plant waste,
whose biodegradability needs to be improved to enhance methane production [1]. Pre-treatment can
be categorised as physical, chemical, physicochemical, biochemical and biological pre-treatments [2].
If more than one feedstock is to be used for AD, often only the most complex organic source is
considered for pre-treatment to reduce the associated costs [1].

Physical pre-treatment methods include milling, chipping, gridding, ultra-sonication and

irradiation. Milling is used to reduce the size of the substrate, which increases the particle surface
area available for enzyme attack. Colloid mills, fibrillator, and dissolvers are majorly used for wet
materials and fats whereas for dry materials, extruders, rollers, as well as cryogenic and hammer
milling are majorly applied [2]. Although, milling pre-treatment methods have some drawbacks
which include high energy consumption [2], for small scale application, manual milling can be
considered. For small scale biogas applications in Uganda, there is a huge potential of biogas
feedstock, especially from plant waste such as locally available banana leaves. If pre-treatment, such
as using a simple mechanical grinder is embraced, it would distinctly increase feedstock availability
for co-digestion with the usual animal waste.
Irradiation such as gamma rays, electron beam and micro wave can be used as a pre-treatment
method for lignocellulosic wastes. Gamma rays pre-treatment helps to increase accessible surface
area and pore size, decreases the degree of polymerization and cellulose crystallinity in biomass
hence improving enzymatic hydrolysis in lignocelluloses [3]. For this type pre- pretreatment to be
applied in small scale digesters, the sun can be used as a source of radiation especially for sunbelt
countries. Other physical such as ultra-sonication, lysis centrifugation and high pressure pre-
treatment may not be readily applicable in small scale settings due to their high energy consumption
which may not be compensated by extra methane yield [1,2,4].

Physicochemical pre-treatment usually concerns thermal treatment (hot water and steam
explosion) and ammonia fiber explosion [5]. Thermal pre-treatment can be categorized as high
temperature pre-treatment (150 °C - 220 °C), which sometimes involves steam explosion and mildly
elevated temperature pre-treatment (60 °C - 90 °C) [1]. High temperature pre-treatment requires a
reliable source of heat if it is to be applied in AD which may not be readily available especial for small
scale digesters.

Pasteurization methods or relatively low temperature pre-treatment have been investigated by
a number of researchers. An increase in the methane yield by 30-40% has been reported when low
temperature pre-treatment is applied to feedstock [6]. For some feedstocks, such as waste activated
sludge (WAS), this type of pre-treatment, has shown a positive impact on the AD process [4],
however, feedstock with high concentration of carbohydrates may not be suitable for pre-treatment
at temperatures exceeding 70-80 °C [7]. The low efficiency at these temperatures was attributed to the
occurrence of the Maillard-reaction, creating refractory organic matter from carbohydrates with
proteins [4,7]. The availability of easily harvestable solar energy, especially in tropical countries, may
facilitate thermal pre-treatment by means of solar thermal concentration. This could provide an
alternative pre-treatment method for small scale applications. In addition, for a biogas-electricity
generation system, the waste heat from devices such as SOFCs with a typical operating temperature
above 700 °C, can also be used as a thermal source for feedstock pre-treatment.

Chemical pre-treatment may include alkali pre-treatment, alkali peroxide pre-treatment,
organosolv (lignocelluloses is mixed with organic solvent and water, the mixture is then heated), wet
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oxidation, diluted acid at high temperature or concentrated acid at low temperature (acid hydrolysis)
[2]. This pre-treatment is reported to be effective in enhancement of methane production and
feedstock bio-digestibility [8-10]. However, it should be noted that the use of chemicals may have a
negative effect on the quality and quantity of biogas due to inhibition caused by, for example, the
accumulation of cations [11]. Alkalis such as NaOH may result into excess Na* concentration which
may slow down microbial growth [11]. Therefore, chemical pre-treatment methods may distinctly
increase the operation cost of small-scale biogas-electricity generation system since it involves the use
of chemicals. Moreover, the logistic management associated with chemical dosage need to be
carefully considered against its merits.

Biological pre-treatment using different species of fungi generally enhances biodegradation of
feedstock and hence improves biogas yield [2,12,13]. Utilization of biological methods is attractive
from the economic point of view however these methods are slow and require a large area as well as
careful control of bacterial or fungal growth [14]. Although this pre-treatment is cost effective, it may
not be technically feasible in small scale biogas-electricity generation applications.

1.2 Co-digestion

Co-digestion is the simultaneous treatment of two or more waste streams with complementary
characteristics [15][16]. Traditionally, co-digestion was focused on common feedstocks such as cow
dung and pig manure and less attention was given to other feedstocks. However, recently research
is being carried out on various types of feedstocks in order to develop a more efficient waste
treatment strategy and widen the scope of energy generation by AD depending on feedstock
availability in a particular location.

Different feedstocks have different properties and composition and even cow dung from
different breeds may have different composition [17]. Co-digestion can potentially counter solve
drawbacks linked to feedstock properties in single feedstock AD, apart from improving the quality
and quantity of biogas [1]. Such drawbacks include low content of biodegradable organic matter for
substrates like WAS and animal dung, high concentration of N in substrates such as animal manure,
which may inhibit methanogenesis; the presence of heavy metals in substrates such as municipal
solid waste (MSW), and seasonal availability as in the case of agricultural waste [1]. Therefore, co-
digestion is likely to balance the feedstock composition with in the non-toxic ranges for microbial
growth.

Co-digestion of various organic feed stocks has been reported to enhance biogas yield from
anaerobic digesters by over 60% [18]. Feedstocks, such as mixed food waste were reported to have a
high methane yield [19]. Co-digestion may enhance the economic returns of small energy systems
through increased biogas production. Kaparaju et al. [20] reported that co-digestion could have both
economic and bio-technical advantages as far as energy generation from biogas is concerned. They
further reported that co-digestion helps in maintaining the pH in optimal ranges during
methanogenesis and overcoming ammonia inhibition, which is associated with pure manure
digestion. This in turn, increases the methane yield and hence reduces the investment costs of biogas-
based power plants.

Callaghan et al. [21] investigated the effect of co-digestion on the methane yield on a laboratory
scale digester at a loading rate of 3.2 to 5.0 kg VS m*? d! and hydraulic retention time (HRT) of 21
days. They found that co-digestion of cow dung with food and vegetable waste in a ratio of up to 1:1
(cow dung: food and vegetable waste) increased the rate of biogas production, whereas co-digestion
of cow dung with chicken manure did not yield satisfactory results. This was attributed to the high
concentration of free ammonia in the liquor of more than 100 mg/l. Bothi et al. [22] reported that
addition of food waste to cow dung can potentially reduce the H2S content in biogas and also increase
the methane yield depending on the elemental composition of food waste. Co-digestion of cow dung
with coffee pulp was studied by Corro et al. [23]. They observed that co-digestion of cow dung and
coffee pulp increased the C/N ratio of the substrate from 5 to over 50 and this enhanced methane
yield. They also observed that co-digestion of cow dung with coffee pulp can potentially reduce the
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H:S content of biogas [23]. This occurs due to a synergistic effect: cow dung contains a high
concentration of microorganisms, whereas coffee pulp contains nutrients that are essential for
bacterial growth or may precipitate with H>S [23]. Co-digestion of cow and pig dung was reported to
increase the methane yield and an optimal ratio of 1:1 by volume is proposed by these researchers
[24]. Moreover, wall paper has been reported to be a potential co-feedstock for cow dung [25]. Even
under cold climate conditions where digesters operate at psychrophilic conditions, co-digestion of
cow and sheep dung was reported to increase biogas production by 100% in comparison to cow dung
mono digestion [26].

The effect of co-digestion of cow dung and organic fraction of municipal solid waste (OFMSW)
on methane yield was investigated by Hartmann et al. [27]. They used a continuous stirred-tank
reactor (CSTR) under thermophilic conditions (55 °C) at HRT of 14-18 days and organic loading rate
(OLR) of 3.3 - 4.0 g VS L-'d". Their results showed that co-digestion of cow dung with OFMSW at a
ratio of 50% (VS/VS) enabled stable operation conditions and increased methane yield. Co-digestion
of OFMSW with cow dung and cotton gin waste (CGW) was analyzed by Macias-Corral et al. [28] in
a two stage pilot anaerobic digester. They observed that co-digestion of cow dung with CGW yielded
87 m3of methane/ton on dry matter basis as compared to digestion of cow dung alone which yielded
62 m? of methane/ton. Co-digestion of OFMSW with cow dung had a much higher biogas
production rate (172 m? of methane/ton) as compared to cow dung alone [28]. They further observed
that cow dung contains native cellulose degrading microorganisms and nutrients, which reduces
imbalances in single feedstocks and hence improves biodegradation. They also observed that a two-
stage digester produces a higher methane content (more than 72% methane) as compared to a single
stage digester with typical gas production containing 60% methane. The higher methane content in
a two stage digester could be attributed to more CO: production in the first stage and less CO:
production in the second stage.

Kaparaju et al. [20] analysed the potential of co-digestion of pig manure with potato waste
(potato stillage and potato peels ) in a laboratory scale digester at a loading rate of 2 kg VS m= d-! in
a CSTR at 35 °C. They found that potato waste increased the methane yield from 0.13 - 0.15 m® kg of
volatile sold to 0.30 - 0.33 m*kg! of volatile solids if it is co-digested with pig manure in a proportion
of up to 15-20%. The increase in methane yield was attributed to the high starch content in potato
waste since digestion of pig manure alone results in detrimental effect of the AD process. This waste
contains more lignin, a considered refractory compound capable of inhibiting the degradation of
other components like cellulose [20]. Liu et al. [29] studied the co-digestion of kitchen waste (fruits,
vegetables, meat, fish and staple foods), cow and pig dung under thermophilic conditions (53 °C) at
controlled pH of 7.5 - 7.8. They observed that if limited amount of kitchen waste (2-3%) is co-digested
with cow and pig dung, it can potentially improve the digestion process of both cow and pig dung.
The feasibility of co-digestion of food waste and piggery wastewater was investigated by Zhang et
al. [30] in a laboratory scale digester. They found that piggery wastewater has trace elements such as
Na, Mg, Al, etc. which supplemented the food waste and enhanced co-digestion performance.

Co-digestion has been reported to potentially enhance biogas yield and therefore increase the
economic returns of the biogas-based energy system. As reported before, cow digestion of animal
manure with other feedstock such as kitchen waste and plant waste can increase the efficiency of AD
process. Kitchen and plant waste is commonly and locally available to small scale digester operators
although some waste such as WAS may be difficult to access and possibly costly to transport.
Therefore the usual animal waste can be supplement with other wastes which are available
depending on the location and geographical condition. However, care should be taken when
choosing the co-substrates since the selection should favor syntrophy between different
microorganisms, dilute harmful compounds, optimize methane production and maintain digestate
quality [1].

The literature survey on the effect of co-digestion on biogas quality and quantity in Table A.2
and A.3 show that biogas composition varies depending on types of feedstock used for co-digestion.
Although, there are other parameters such as hydraulic retention times (HRT) and experimental
conditions which may contribute to alter biogas composition, generally the composition depends on
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the type of feedstock used. It is further noted that co-digestion can have an effect on H2S content in
the biogas. The biogas analysis from both co-digestion laboratory experiments and field
measurements (TableA.2 and TableA.3) showed a lower H:S content compared to the biogas from
single substrate digesters. For example, co-digestion of cow dung with coffee pulp (Appendix 2)
reduced the H2S content in the gas from 3% to 2% [23]. Co-digestion might be of interest for the
biogas-electricity generation system since it can reduce the cleaning requirement of biogas fuel for
appliances such as SOFCs when properly selected co-substrates are used.

Therefore, the right co-substrate has to be chosen to avoid drawbacks like unexpected overloads
which can result in VFA and ammonia inhibition [1]. Co-digestion substrates need to be carefully
selected to guarantee enhanced biogas production but also to lower impurities like HzS in the biogas.
As discussed in this section, co-digestion can potentially enhance biogas quality and quantity.
Particularly, for small scale biogas-electricity generation applications, co-digestion may ameliorate
system reliability by enhancing biogas fuel production for electrical power generation. Also, co-
digestion can potentially reduce H:S in the biogas and this in turn will lead to lower operational costs
of the cleaning unit coupled to such systems [31].

1.3 Additives that enhance biogas quality and quantity

Heavy metals are essential as micro-nutrients for anaerobic bacteria and archaea [32]. Metals are
required in a specific amount depending on the AD microbial conversion stage (hydrolyisis,
acidogenesis, acetogenesis and methanogenesis) and the operating conditions such as thermophilic
and mesophilic regime [32]. The commonly added metals in anaerobic growth media include Fe, Cu,
Zn, Mn, Ni, Co, Mo, Se and W [14,32]. However, high concentration of metals such as Ni and Co are
reported to be detrimental to methanogenic activity [33]. Also, Fe and Ni depletion could lead to a
sudden accumulation of VFA due to toxicity of microorganisms [34]. Metals such as Fe have been
reported to reduce the H:S content in the biogas due to the formation of metal sulfides [34]. Apart
from lowering the H2S concentration in the biogas, metals have also been reported to enhance organic
matter degradation and biogas production [35,36]. This is because, they support the microbial activity
which improves feedstock degradation efficiency and hence biogas production [35]. Metal additives
can also help to maintain favourable conditions in the digester such as pH which enhances biogas
production [37]. Other additives such as FeSOs, FeCls, Ca?* and Mg?* salts which enhance bacterial
growth and hence improve the overall AD process efficiency [37]. Adsorbents such as charcoal and
silica gel can potentially enhance the biogas yield [37], most likely due to their trace metal
composition containing elements such as Fe [38,39]. However, it should be noted that inorganic
additives can be a source of secondary pollution to the environment and increase the inert suspended
solids of the digester; moreover, additives will increase the operational costs [40].

It has been shown that other mineral additives such as bentonite enhance resistance to ammonia
inhibition during AD [41]. Moreover, the usage of mafic silicate minerals as additives has been
reported to affect CH4 content in the biogas by scavenging CO: and the iron present in the silicate
may react with HzS reducing its content [42].

Additives such as green biomass have been reported to enhance biogas production. Powdered
legumes and leaves of some plants are reported to increase the biogas yield by over 18% [37,43]. This
could be due to trace elements available within green biomass [44], or due to additional carbo-
hydrates. It should be noted that metal trace elements such as Fe are constitutive components in most
leaves of plants [44], therefore, they could be released as essential elements and favourably contribute
to enhance biogas yield and quality. As well, it is hypothesized that metal trace elements composition
in leaves could also reduce the concentration of HzS in the biogas, nonetheless, further research is still
required to quantify this effect.

Bio-augmentation or addition of microbial strains has also been reported to enhance biogas
production by stimulating particular enzyme activity [45]. For instance, microbial strains such as
rumen microorganisms can potentially enhance the biodegradability of lignocellulosic waste [40,46].

Additives like green leaves and charcoal would be ideal for small scale biogas-electricity
generation applications since they are readily available in off-grid settings. This would not only
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enhance biogas production but may also reduce the biogas H2S concentration which in turn, could
further accelerate electricity generation from already existing biogas systems. However, research and
development are still required to reveal the optimal ratio to be added in the feedstock depending on
the type of leaves and feedstock available at a particular location.

1.4 Micro-aeration of anaerobic digester

Micro-aeration has been proposed by a few researchers as one of the pre-treatment methods for
feedstock [47,48]. It is suggested that the introduction of limited amounts of air into AD improves
several biochemical conversion processes and enhances hydrolysis of hardly biodegradable
compounds. Lima et al. [47] co-digested food waste and faeces and obtained a higher COD
solubilisation, greater VFA accumulation and conversion of short chain fatty acids to acetate when
using micro-aeration as a pre-treatment in AD. Oxidation reduction potential (ORP) values in micro-
aeration pre-treatment were comparable to a complete anaerobic reference since they were in the
same range.

A few researchers found a positive effect of microaerophilic conditions on the hydrolysis of
particulate matter [49]. Diaz, Pérez et al. [50] obtained a shorter lag-phase, and Johansen and Bakke
[48] observed an increase in hydrolysis of carbohydrates and proteins, but no difference between the
lipid content on the digested sludge. These improvements in hydrolysis can be directly linked to a
higher production of biogas due to substrate availability. Even though methanogens are strict
anaerobes and oxygen might result toxic for them, some authors suggested that methanogens can
adapt and handle different amounts of oxygen [51-53].

Micro-aeration can reduce the H2S content in the biogas [49]. At full scale, micro-aeration can
remove up to 99% of H:S from biogas [54,55]. Jenicek et al. [56] reported that micro-aeration increased
specific methane production and decreased HzS content in the biogas. The enhanced specific methane
production was attributed to suppressed H:S inhibition, due to oxidation of sulphide to elemental
sulphur. They further noted that micro-aeration resulted in a better quality of sludge liquor in terms
of lower soluble COD [57]. Although micro-aeration is a low cost intervention for H2S removal, it can
result in clogging of the walls of the digester and gas pipes with elemental sulphur [58] if air is dosed
in the digester headspace. Therefore, the location of air dosing point needs to be carefully selected.
Also for the removal of very high H2S concentrations in the range of 12,000 ppm, the applied air dose
could result in biogas dilution with N2[58]. In such cases, pure oxygen should be used instead of air.
In the particular case of small scale digesters, the efficiency of H2S oxidation during micro-aeration is
correlated with the installed size of the digester liquid-gas surface area from 0.099 —0.150 m? [59].

Addition of limited air might have several beneficial impacts on small scale digesters. Firstly, air
can be added directly to the headspace in order to oxidize H2S, minimizing its concentration in the
biogas and thus improving the biogas quality. This has been effective to reduce the H:S levels of
biogas from small scale digesters [59]. Secondly, limited aeration can be introduced directly to
anaerobic sludge. As mentioned before, aeration might lead to an improvement of hydrolysis, which
is considered one of the bottlenecks in AD when the influent has a high content of particulate matter.
Furthermore, micro-aeration can also promote areas where aerobic degradation of organic matter
occurs in the digester, with an increase in bicarbonate availability as end result [60]. Due to this, the
expected methane-COz ratio of 60-40 % in complete anaerobic conditions might change, however, an
equal distribution of these gases in biogas could be optimal for SOFC cells if dry reforming is
envisaged [61-63]. Finally, adding aeration is cost demanding if active aeration of the sludge is
considered. While air is easily available, added costs should be considered when planning to
introduce air into the system. Hence, it is key to perform an economical assessment of the gained
energy or operational performance due to improvements in biogas quantity and quality, in
comparison to the energy or additional maintenance needed for aeration.

Therefore, for biogas-electricity generation application, micro-aeration can reduce on H2S
impurity for sensitive devices such as SOFCs and at the same time has the potential to increase the
fuel gas production.
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1.5 Other operational parameters

Apart from pre-treatment, co-digestion and additives, there are other operational parameters
which can influence the biogas quality and quantity and those are discussed in this section.

Temperature regime: Temperature was found to significantly influence the performance of
anaerobic digesters in comparison to other factors such as HRT, OLR and substrate characteristics
[64]. The AD process is applied in a wide temperature range in which the biochemical conversions
follow the Arrhenius equation [65]. Thermophilic AD (50-60 °C) has a faster reaction rate and a higher
loading capacity compared to mesophilic AD (30-40 °C) [40,66]. As a result, higher biogas production
rate are expected from thermophilic digesters as compared to mesophilic ones. However, when not
properly operated, thermophilic digesters may have drawbacks such as acidification, decreased
stability, low quality effluent, increased sensitivity to toxicity, susceptibility to environmental
conditions, larger investments, and higher energy input [40]. Moreover, it has been observed that
sudden changes in the temperature regime can drastically reduce the rate of biogas production [66].

pH: Although the different microbial sub-populations in AD have different pH ranges and pH
optima, the optimal range reported in literature for the process is about 6.5 - 8 [67]. A reactor pH
outside the optimal range can potentially affect the quantity and quality of biogas yield. For small
scale digesters, an average pH of 6.7 - 7.3 has been reported [68]. This is within the optimal range
proposed in literature [67]. It should be noted that the pH influences the speciation of HS and
therefore H2S in the gas phase. An increase in pH decreases the HaS concentration in the biogas,
therefore, a higher operational pH (7.5 - 8.0) is desired for biogas-electricity generation applications.

Particle size: The particle size of the feedstock also has an influence on the rate of biogas
production. A decrease in particle size increases the rate of hydrolysis which is limiting in the AD
process [65]. Large particles could result in clogging of the digester, whereas small particles provide
a large surface area for adsorption of microorganisms, enhancing microbial activity and hence biogas
production [37].

Mixing: Mixing enhances the contact time between microorganisms and substrates and prevents
local pH drops or high concentrations of intermediates. Mixing can be done in a number of ways,
including daily feeding, using biogas recirculation and mechanical stirring. Proper mixing ensures
intimate contact between the microorganisms and the substrate, which results in a more efficient
digestion process with increased biogas production [37]. According to Jegede et al. [69] in small scale
digesters, mixing depends on the type of the digester. For digesters of Chinese dome-type, mixing is
achieved by pressure build-up due to gas storage, usage and influent flow. For plug-flow digesters,
mixing is achieved by flow of the feedstock from the inlet to the outlet and gas production . For the
biogas-electrical generation application, a high and constant biogas production is preferred, meaning
reactor operation at an increased loading rate. Increased biogas production would enhance mixing
but this can be coupled with regular active mechanical mixing for a more efficient AD process.

Type of reactor: Optimization in terms of retention time, organic loading, low sludge production
for waste water treatment plant digesters and reduced footprint seems to be the focus of current
research [40]. The reactor design criteria depends on the location, for example, if psychrophilic
conditions are expected, longer HRT are required as compared to mesophilic conditions [64].
Different reactor designs may have an effect on the biogas quality and quantity since reactor
configuration affects the overall AD process. Innovative reactor designs are discussed in detail in
section 3.1.7 of the main article.

Seeding: Seeding is basically done to enrich bacteria into the digester to facilitate/accelerate the
start-up process of AD. Re-seeding is considered when intermediate VFA accumulate during digester
operation, which results in decreased quality and quantity of biogas production. Even daily-use
materials like wood-ash have been reported to enhance biogas production if they are used as part of
seeding materials for the digester [70]. It should be noted that, ash also contains earth alkaline and
metal elements such as Ca, Mg, Fe, whose concentration depends on the material source and that are
often present in the oxidized form [71]. Such elements can also act as additives to the digester to
buffer the pH, enhance biogas production and achieve the required quality for electrical production
by reducing impurities such as HzS in the gas phase. Although ash may have elements which can
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enhance biogas quantity and quality, it may be harmful to AD when dosage is not controlled.
Therefore, the use of ash as seed for off-grid digesters needs to be carefully evaluated to understand
the optimal condition under off-grid anaerobic conditions, which could vary depending on the
available feedstocks.

The effect of modifying some of these operational parameters on biogas quality and quantity needs
to be carefully evaluated for small scale biogas-electrical generation applications. Some of these
operational practices such as daily feeding and agitation can easily be adapted in small scale digester
operation with marginal increase in operational costs. Other operational parameters such as the C/N
ratio, organic loading rate (OLR), HRT and solids concentration can influence the biogas quality and
quantity. Their effect to the AD process is summarised in Table 2 of the main article, which shows
the effect of operational parameters and their optimal condition for biogas-electricity generation
application. It should also be noted that some of the parameters like OLR and HRT are influenced by
users’ behaviour depending on their respective needs such as fertilizers [72]. Furthermore, HRT can
be influenced by the gas pressure [73,74]. Therefore, efforts to optimize small scale digesters should
include social-cultural status of the given community, although this is out of scope of this current

paper.
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Table S1. Quality of Biogas From Lab experiments

Gas Concentration Feed stock Protocol Analysis Ref pH Temp S Concentration
Composition Equipment in feed stock
CHs 68.6-71.4%! Fish waste BMP GC-2014 [75]
62.2%! Brewery grain Waste BMP GC-2014 [75]
53.1%! Bread Waste BMP GC-2014 [75]
5-15% Cow dung Batch FTIR [23]
spectroscopy
15-25% Coffee pulp Batch FTIR [23]
spectroscopy
45-55% Cow dung + Coffee Pulp (40% Wt Batch FTIR [23]
coffee pulp, 40% Wt Cow dung, 20% spectroscopy
Water)
56.5%?2 Apple Pomace [76]
71.8%? Cauliflower + Radish [76]
68%?2 Rotten cabbage [76]
72.8%? Cauliflower + Radish + Cow dung [76] 6.912
70.8%v? Cauliflower + Radish + Cow dung + [76] 7.222
Apple Pomace
60-86% Cow dung [17]
66.6% Cow dung Batch  BMP [77]
65.9% Pig dung Batch  BMP [77]
76.9% Sludge Batch  BMP [77]
63.4% Fruit/Vegetable waste Batch  BMP [77]
68.0% Food waste Batch  BMP [77]

Energies 2021, 14, 3088. https://doi.org/10.3390/en14113088
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CO:

H-S
ppm

59.4-60.6%
62.8-64.6%

71.4-81.2%

67.6-78.4%

70.9-83.3%

62.1-66.7%
55.3-67.1%

36.1%?
22.5%?
25.1%?2
21.9%?2
23.1%?

13-28%
33.3-37.9%
32.8-44.7%

850-2872
382-2260
900-3270
17000-35000

OFMSW

OFMSW + Cow dung at a proportion

of 50% (VS/VS)
Mixed Sludge

Leachate

Oil

SHW

SHW+OFMSW in ratio of
SHW:OFMSW is 1:5 in weight
Apple Pomace

Cauliflower + Radish

Rotten cabbage

Cauliflower + Radish + Cow dung
Cauliflower + Radish + Cow dung +
Apple Pomace

Cow dung

SHW

SHW+OFMSW in ratio of
SHW:OFMSW is 1:5 in weight

Fish waste

Brewery grain Waste
Bread Waste

Sea weed + Pig dung

CSTR
CSTR

Batch

Batch

Batch

BMP

BMP

BMP

2 0f22

Awite
analyzer?
Awite
analyzer?
Awite

analyzer?

Serie

Serie

Serie

4

4

4

[27]
[27]

[78]

[78]

[78]

[79]
[79]

[76]
[76]
[76]

[17]
[79]
[79]

[73]
(73]
[75]
[80]

7.0-7.5
7.2-7.5

6.912
7.222

6.71-7.76

2.60 g S/L



Energies 2021, 14, 3088

N2
CcO
Air (N+O)

1500-3000
3.01%v

2.12%v

7.3%v?2
5.7%v?
6.9%v?2
5.3%v2
6.1%v?

0.177-11.484%
0.001-0.05%
0.0110-0.05%

Pig dung
Cow dung

Coffee Pulp

Cow dung+ Coffee Pulp (40% Wt
coffee pulp, 40% Wt Cow dung, 20%
Water)

Apple Pomace

Cauliflower + Radish

Rotten Cabbage

Cauliflower + Radish + Cow dung
Cauliflower + Radish + Cow dung +
Apple Pomace

Cow dung

Cow dung

Cow dung

30f22

FTIR
spectroscopy
FTIR
spectroscopy
FTIR

spectroscopy

[76]
[76]
[76]
[76]
[76]

[17]
(17]
[17]

0.36 g S/L
6.5-7.0

4.5-7.2

5.4-7.2

6.912
7.222

1 Weighted average methane content. 2Averages.?> automated gas analyzer with infrared and electrochemical sensors
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Table S2. Quality of Biogas From field measurements

4 0f22

Biogas Plat type Main feed stock Measuring Procedure/Equipment Analysis Ref  This
for Organic waste Conditions Research
Digesters
Gas Land Fills  WWTPs Organic  waste
Composition digesters/farm/
domestic
digesters
CHa (%v) 47-62 60-67 55-70 Cow and pig dung, Infra-red gas analyser Laboratory [81]
waste water,
industrial and
agricultural waste
59.4-67.9 Hewlett Packard (HP) 5890 gas chromato-  Laboratory [82]
graphy with thermal conductivity detector
41-59 Cow and Pig dung [83]
62.94-67.76° Pig dung GA5000 multifunctional portable gas On site  [84]
analyser (Geotech, Leamington Spa, UK) measurement
59.42-62.46° Cow dung GC Laboratory [22]
61.7%7 Cow dung An IR-30M hydrocarbon meter On site [85]
(Environmental Sensors measurement
Co.)
61.4-72.5%7 Pig Dung An IR-30M hydrocarbon meter On site [85]
(Environmental Sensors Measurement
Co.)
40-59% Mainly cow dung  Gas Analyser (Geotech, GA 2000 plus) On site [68] 47-52
60% Pig manure [86]
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CO2 (%v) 32-43

29.9-38.6

35.1-40.0

N2 (%v)

<1-17

4-15.8

02(%vV) <1

0.9-3.7

33-38

<2

<1

60%°
29-40

30-49
26.59-31.893

38.21%5
30-49.3%
30%
40%°

<1

1.52%>5
10%
<1-2

Cow dung
Cow and pig
dung, waste,
industrial and

agricultural waste

Cow and Pig dung
Pig dung

Cow dung
Mainly cow dung

Cow dug

Cow and pig dung,
waste, industrial
and  agricultural

waste

Cow dung

Pig manure

Cow and pig dung,
waste, industrial
and  agricultural

waste

5o0f 22

The ATEX Certified, Portable Gas Detector

Infra-red gas analyser

Hewlett Packard (HP) 5890 gas chromato-
graphy with thermal conductivity detector
GC/MS

GA5000 multi-functional portable gas
analyser (Geotech, Leamington Spa, UK)
GC

Gas Analyser (Geotech, GA 2000 plus)

The ATEX Certified, Portable Gas Detector

Infra-red gas analyser

GC/MS
GC

GC/MS

Laboratory

Laboratory

On site
measurement
Laboratory

On site

Laboratory

Laboratory
Laboratory

Laboratory

Laboratory

(87]
[81]

(82]

[88]
(83]
[84]

[22]
[68]
[86]
(871
[81]

(88]
[22]
(86]
[81]

(88]

40-45

N/A

1-3
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Hz (%v)
NH; (%v)

<0.01-0.01

Common
Trace
Elements
H:S

ppm 27-500

15.1-427.5
mg m- 220-420
ppm

%vol

ppm

0.03-0.05°

<14 3-1000

0-312
130'-1,6002

0.07-0.223

991-2923¢

4.87

0.37-84.47

Pig dung

Cow and pig dung,

waste, industrial

and  agricultural

waste

Cow and pig dung

Pig dung

Cow dung

Cow dung

Pig dung

6 of 22

GC/MS
GA5000 multifunctional portable gas
analyser (Geotech, Leamington Spa, UK)

-Infra red gas analyser equipped with
electro-chemical cell
-Draeger and Rae Systems gas tubes

-Portable gas chromatograph.

HP 5890 series II GC with sulfur
chemiluminescence detector
GC/MS

Draeger tubes

GA5000 multifunctional portable gas
analyser (Geotech, Leamington Spa, UK)
GC

Z-900 hydrogen sulfide (HzS) meter
(Environmental

Sensors Co.)

Z-900 hydrogen sulfide (HzS) meter
(Environmental

Sensors Co.)

Laboratory

Laboratory

Laboratory

Laboratory

Onsite
measurement
On site
measurement
Laboratory
On site

measurement

On site

measurement

(88]
[84]

[81]

(82]
(88]
(83]
[89]
[84]
[22]

[85]

[85]

N/A
N/A

3-500 ppm

100-600ppm

0-1400 ppm



Energies 2021, 14, 3088

ppm

Siloxanes

(ppm)

Mercaptans

(ppm)

Other VOCs
(TVOCs)

(mg m~)

mg m3

0.7-4

9.3-13.2
12.1-84.9

46-173

48-728

149-3108

2400°
100°
2000-6000

1.5-10.6 <0.4

13-268 5-8

Cow dung,
manure, biowaste
and food

waste

Cow dungt fecal

waste

Cow and pig dung,
waste water,
industrial and

agricultural waste

Cow and pig
dung, waste water,
industrial and

agricultural waste

Cow and pig dung,

human dung

7 of 22

Gas Analyser (Geotech, GA 2000 plus)

The ATEX Certified, Portable Gas Detector

Thermal desorption gas chromatograph-
mass spectrometry
Thermal desorption gas chromatograph-

mass spectrometry

HS-GC/MS
HP 5890 I GC with

chemiluminescence detector

series sulfur

Thermal desorption gas chromatograph-

mass spectrometry

B, GC/MS

On site

measurement

Laboratory

Laboratory

Laboratory
Laboratory

Laboratory

Laboratory

[68]
[86]

(871
[90]

[81]

[81]

(88]
(82]

[81]

(88]

20-2000 ppm

2000-4000
ppm

0-30ppm
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Mean for measurements every two weeks for 6 months with 95% CI: 95 - 150 ppm, 2mean for measurements every two weeks for 6 months with 95% CI:1300 - 2000

ppm, *maximum upper and minimum lower bound of the mean at 95% CI, *daily average with standard deviation of 34 - 277 +/- ppm of HzS, Smonthly average,
tweekly average, 7average percentages, Smaximun values and %average.

[91]
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