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Dry anaerobic digestion has been treated as feasible process for potential renewable energy recovery
with nutrient-rich fertilizer and sustainable solid waste management. Dry methane fermentation of
undiluted cow manure (CM), waste water sludge (WWS) and their mixtures into different ratios were
conducted at 35°C in the laboratory-scale single-stage batch reactors for 63 days. The specific biogas
production obtained for the CM/WWS ratios of 1:0, 4:1, 3:2, 2:3, 1:4 and 0:1 were 56.94, 58.51, 61.64,
63.12, 59.30 and 55.39 L/kg, with methane yield were 32.01, 33.14, 35.31, 36.91, 34.76 and 32.63 L/kg
respectively. The experimental results showed that the co-digestion with CM/WWS ratio of 2:3 obtained
3
highest total biogas production of 63.12 L/kg, methane yield of 0.328 m /kgVS and total solid (TS),
volatile solids (VS), chemical oxygen demand (COD), total organic carbon (TOC) reductions of 34.24,
54.80, 55.22 and 70.71% compared to the other co-digestion ratios and single digestions. It was also
revealed that co-digestion resulted in 3.11-13.99% higher methane gas yields, due to synergistic effect.
The synergistic effect is mainly attributed to more balanced nutrients and increased buffering capacity.
Key words: Dry anaerobic digestion process, co-digestion, specific energy production, methane.
INTRODUCTION
During the last few decades, anaerobic digestion of
organic matters has been regarded as an appropriate
technology for potential renewable energy recovery with
nutrient rich fertilizer and sustainable waste management

*Corresponding author. E-mail: ljz6677@163.com. Tel: 0086
451 86283761.
Abbreviations: CM, Cow manure; WWS, waste water sludge;
VFAs, volatile fatty acids; COD, chemical oxygen demand;
SCOD, soluble chemical oxygen demand; TOC, total organic
carbon; TS, total solids; VS, volatile solids; TKN, total Kjeldahl
nitrogen; NH3-N, ammonia nitrogen; TP, total phosphorus; TS,
total solid.

(McCarty, 2001). The anaerobic digestion produces less
greenhouse gases than other waste treatment techniques
like incineration (Oliveira and Rosa, 2003), composting
(Walker et al., 2009) and landfilling (Lou and Nair, 2009).
The anaerobic digestion technology is mainly used for
stabilization of organic wastes and production of energy
from biogas combustion (Lema and Omil, 2001). In an
oxygen free environment, anaerobic microbes such as,
methanogenic bacteria, acetogenic bacteria and
fermentative bacteria, digest biodegradable matter into
biogas with methane as potential energy content, carbon
dioxide and other gases in small amount. This process is
highly complex, and involves a number of sequential and
parallel steps (McInerney and Bryant, 1981; Pavlostathis
and Giraldogomez, 1991; Rittmann and McCarty, 2001).
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The anaerobic digestion of organic material basically
follows: hydrolysis, acidogenesis, acetogenesis and
methanogenesis (Ofoefule et al., 2009; Veeken et al.,
2000). The conversion process begins with bacteria
hydrolyzing complex organic polymers such as
carbohydrates, proteins, lipids and fats, into simple
monomeric carbohydrates, amino acids, sugars and long
chain fatty acids. The reduced compounds are then
converted by fermentative bacteria into a mixture of short
chain volatile fatty acids (VFAs) and other minor products
such as carbon dioxide, hydrogen and alcohol. These
organic acids are further breakdown during acetogenesis
to acetate, carbon dioxide, and hydrogen (Gerardi, 2003).
In the final stage, methanogenesis takes place by two
groups of bacteria: acetoclastic and hydrogenotrophic
methanogens. Acetoclastic methanogens split acetate
into methane and carbon dioxide (approx. 70%) while
hydrogenotrophic methanogens uses hydrogen as
electron donor and carbon dioxide as electron acceptor to
produce methane (approx. 30%) (Gerardi, 2003; Zinder,
1993).
Jha et al. (2010b), Kuroshima et al. (2001) and Pavan
et al. (2000) noted the following advantages of dry
anaerobic treatment when compared to liquid anaerobic
digestion: higher organic loading rate, lower energy
requirements for heating, no process energy for stirring,
reduced nutrient run off during storage and distribution of
residues and limited environmental consequences. In
addition, De Baere (2000) stated that, dry anaerobic
processes have a more energetically effective
performance since they require less pre-treatment and
added water. Mainly due to its reduced cost in digesters
and slurry handling problems, the dry anaerobic digestion
process has attracted increased attention all around the
world recently. However, the high-solids anaerobic
digestion is known to suffer from many inhibition
problems (Liu et al., 2006) and the process is also harder
to control. The major disadvantages of solid state
anaerobic digestion are the requirement of larger amount
of inocula and much longer retention time (Li et al., 2010).
Jha et al. (2010a) has presented that the dry methane
fermentation of cow manure took relatively longer
retention time than wet fermentation to produce same
amount of biogas. Furthermore, dry anaerobic digestion
exhibits a poor start-up performance, while the
conversion of acetate to methane is generally considered
as rate limiting due to slow growth of methanogens
(Zinder, 1993). Also, the accumulation of VFAs is known
to restrict the biogas yield (Guendouz et al., 2010).
Moreover, complete mixing is difficult to achieve. Hence,
this technology needs enhancement of reliability in
operation to become more sustainable (De Baere, 2006).
An option for significantly improving yields of anaerobic
digestion of solid wastes is the co-digestion of multiple
substrates (Adelekan and Bamgboye, 2009; Li et al.,

2009; Kuroshima et al., 2001). Co-digestion enhances
the methane yield due to positive synergisms established
in the digestion medium, bacterial diversities in different
wastes and the supply of missing nutrients by the cosubstrates. Animal manure contains rumen microorganisms that assists to carry out anaerobic digestion
faster (Uzodinma et al., 2008) and cattle manure based
biogas plants are successful in the rural area of many
developing countries but they are affected due to the
continuous increasing scarcity of feedstocks. The codigestion process can assist to solve the feedstocks
scarcity dilemma. The manure and solid sludge have
good biogas potential as they contain high percentage of
biodegradable organic carbon. The mixing of manure with
the solid sludge gives homogeneous mixture and their
simultaneous digestion might provide additional energy.
The wet bio-methanation process of the mixture of
different wastes is relatively well understood and
documented, however, limited research reports were
found about the dry anaerobic co-digestion of organic
wastes including the co-digestion of manure and the
sludge. The aim of this study was to assess the feasibility
of dry anaerobic co-digestion of cow manure with solid
sludge using batch digesters under mesophilic condition.
Biogas and methane yields, chemical oxygen demand
(COD), soluble chemical oxygen demand (SCOD), total
organic carbon (TOC), total solids (TS) and volatile solids
(VS) degradation, and VFAs and ammonia accumulation
and degradation are considered for comparisons.
MATERIALS AND METHODS
Experimental set up and procedure
The single-stage batch dry anaerobic digestion consists of a
process in which the substrates remain in solid state and static
conditions. The experiments were carried out in six batch labreactors of 2.5 L effective volume with an internal diameter of 13 cm
and height of 25 cm. The capped reactors were kept in a water bath
of operational temperature 35 ± 1°C, the optimum temperature for
mesophilic range. Each reactor was fitted with four ports. The two
ports were fitted on the cover while other two ports were fitted on
the side. One of the cover ports was used for measuring biogas
production. The sample for analysis of biogas quality was also
taken out from the same port. The other cover port was used to add
6 nmol NaOH or 6 nmol HCl to maintain pH in between 6.8 to 7.6.
One of the side ports was kept above 5 cm from the bottom. This
port was used to take out the sample for the analysis of various
parameters while pH meter was set up at the other side port. The
samples were stored at - 4°C in a freezer before analysis. The
analysis was generally performed within one week.
Characteristics of feed stocks

The study was conducted to evaluate the mesophilic dry anaerobic
digestion of undiluted and unscreened cow manure, solid fraction of
waste water sludge and their mixtures into various ratios. The
digesters, R1 to R6, filled with the manure and the solid sludge
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Table 1. Characteristics of substrates and inoculants.

Substrates
pH
Total solid (TS), g/kg
Volatile solids (VS), % of TS
Chemical oxygen demand (COD), g/kg
Soluble COD, g/kg
Total organic carbon (TOC), g/kg
Total phosphorus (TP), g/kg
Total Kjeldahl Nitrogen (TKN), g/kg
Ammonia nitrogen (NH3N), g/kg
Alkalinity, gCaCO3/L

Cow manure
7.84
162.78
86.73
160.86
73.12
38.48
1.28
2.62
1.07
4.22

Sludge
8.03
178.54
62.28
139.34
68.54
40.22
1.51
3.55
1.36
4.35

Inoculants
7.93
87.50
66.20
67.58
20.44
12.35
1.02
1.6
0.96

Table 2. Composition and condition of six reactors utilized for the experiments.

Reactors
R1
R2
R3
R4
R5
R6

Feed stocks
1000 g manure
800 g manure + 200 g sludge
600 g manure + 400 g sludge
400 g manure + 600 g sludge
200 g manure + 800 g sludge
1000 g sludge

Inoculants
200 g
200 g
200 g
200 g
200 g
200 g

mixtures in the ratios of 1:0, 1:4, 2:3, 3:2, 4:1 and 0:1 on weight
basis. It means each reactor contained 1 kg wet substrate and 200
g digested slurry as inoculants. The digested slurry from previous
dry anaerobic digestion experiment of cow manure was utilized as
inoculums. No other nutrients, chemicals or water was fed into the
reactors. The average values of the characteristics of the manure
and the sludge for each reactor are shown in Table 1. The manure
was obtained from a livestock farm of Harbin, China while the
sludge from the municipal waste water treatment plant at State Key
Laboratory of Urban Water Resource and Environment, Harbin
Institute of Technology, Harbin, P. R. China. Both cow manure and
solid sludge were thick slurries. In the fermentation process, the
substrates were pretreated and fed into air tight digester under
specified environmental conditions for 63 days without dilution.
Pretreatment means separation of substrates from foreign materials
like stones, woods, metals and other inorganic materials, and the
addition of inoculants into the feedstocks. The visible straw and
feathers were removed by hand. Table 2 shows the composition of
the substrates and inoculants in each reactor and the mean values
of their physical-chemical characteristics. Each digester was purged
with nitrogen for 15-20 min to create complete anaerobic
environment. The contents of the reactors were slowly shaken once
daily for 2-3 min to create homogeneous substrate preventing
stratification and formation of a surface crust and distributing
microorganisms throughout the digester.
Analytical methods
The parameters analyzed were temperature, pH, TS, VS, COD,
SCOD, VFAs, TOC, total Kjeldahl nitrogen (TKN), ammonia
nitrogen (NH3-N). All the analytical determinations were performed

pH
7.91
7.94
7.96
7.99
8.01
8.03

TS (%)
15.01
15.30
15.53
15.80
16.05
16.35

TS (g/kg)
150.13
152.99
155.26
158.04
160.48
163.49

VS (% TS)
84.82
80.09
75.49
71.29
67.13
62.50

according to the standard methods (APHA, 1995). The pH of the
mixtures was measured with a digital pH meter (Model 526,
Germany). The yielded biogas was measured per day by downward
water displacement method at atmospheric pressure using
calibrated 1 or 2 L cylindrical jar for each reactor. The constituents
(CH4, CO2 and H2) of the biogas were determined using Gas
Chromatography (SC-7, Shandong Lunan Instrument Factory)
equipped with a thermal conductivity detector and a 2 m stainless
column packed with Porapak TDS201 (60-80 mesh). Nitrogen was
employed as the carrier gas at a flow rate of 40 mL/min. The
operation temperatures for the injection port, oven and detector all
were 80°C. The cumulative methane production for each test was
determined by summing daily methane production, which was
calculated by timing daily biogas production with corresponding
methane content minus the methane produced due to inoculums
source. The samples taken from the batch culture reactor were
centrifuged at 6,000 rpm for 15 min, and then acidified with analysis
of VFAs and ethanol. The concentrations of the VFAs and ethanol
were determined using a second gas chromatograph (Model
GC122, Shanghai Analysis Instrument Factory) equipped with a
flame ionization detector and a 2 m stainless (5 mm inside diameter)
column packed with Porapak GDX-103 (60/80 mesh). The
operational temperatures of the injection port, the column and the
detector were 220, 190 and 220°C respectively. Nitrogen was used
as carrier gas at a flow rate of 50 mL/min.

RESULTS AND DISCUSSION
Six lab-batch reactors were tested during a period of 63
days to assess the dry anaerobic digestion of cow manure
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with the solid sludge and evaluate the effect of their codigestion at the optimal mesophilic digestion temperature.
The co-digestion of the manure and the sludge could
provide balanced nutrients, buffering capacity, appropriate C/N ratio and sufficient anaerobic microorganisms.
pH and alkalinity
The pH of cow manure and the sludge were initially
around 7.84 and 8.03 respectively. It was decreased
swiftly during start up phase of each experiment due to
the increase in VFAs production by acidogenic bacteria.
The easily digestible fraction of organic matter was
hydrolyzed and converted to fatty acids rapidly. The pH
began to rise gradually as the VFAs were consumed by
methanogens and transferred to the methane. In this
study, pH was maintained constant in between 6.8 to 7.6
by adding 6 nmol NaOH or 6 nmol HCl during the
digestion period. It was also observed that there was
stable pH after 2 weeks in all the reactors. The substrates
were able to buffer theirselves and prevent the
acidification occurrence during digestion due to proper
alkalinity of cattle manure (4.22 gCaCO3/L) and solid
sludge (4.35 gCaCO3/L), which is a pre-requisite for
proper biogas production. The alkalinity was adequate to
maintain optimal biological activity and stability of the
anaerobic digestion system.
+

Total nitrogen (TN), total phosphorus (TP), NH4 -N
accumulation and degradation
The values for carbon, nitrogen and phosphorus for the
manure and the sludge were around 34.96, 2.43, 1.23
g/kg and 36.25, 3.43, 1.46 g/kg, respectively, which are
sufficient to satisfy the cell growth requirements during
biogas production. The NH3-N was noted less than 1.3
g/kg during the fermentation period in all the reactors.
Free ammonia is the active component causing ammonia
inhibition (Angelidaki and Ahring, 1993). Free ammonia
was calculated using Hansen et al. (1998):

Where [NH3] is the free ammonia concentration, [TNH3] is
the concentration of total ammonia and T is the
temperature in Kelvin. Calculated free NH3 ranged from
0.025 to 0.035 g/kg in all the reactors. The value obtained
was not supposed to be high enough to create inhibition
as though ammonia can inhibit anaerobic digestion; the
total ammonia concentration that can be tolerated was
relatively high. The critical ammonia concentration to
inhibit the anaerobic digestion is 2.8 g/kg NH3-N (PoggiVaraldo et al., 1997). Liu and Sung (2002) reported that

the ammonia concentrations below 2 g/L are beneficial to
anaerobic process since nitrogen is an essential nutrient
for
anaerobic
microorganisms.
The
maintained
environmental condition and obtained results were
indicative of strong microbial activities but partial
inhibition might be possible due to presence of free
ammonia at higher pH (McCarty, 1964).
Volatile fatty acids accumulation and degradation
Volatile fatty acids are usually produced due to the
degradation of the complex organic polymers during
hydrolysis and acidogenic stages. The conversion of
intermediate products - VFAs - has been treated as an
indicator of the digestion efficiency but the high
concentration of VFAs results in decrease of pH, inhibit
acidification, destroy methanogenic bacteria activity and
leading to failure of digester ultimately. In this study, all
the reactors showed high volatile fatty acids
concentrations in the start up phase (Figure 1) due to
higher acidogenesis and lower methanogenic activities.
The principal volatile acids formed were acetic, butyric
and propionic acids. Acetic acid was the dominant volatile
fatty acids. The share of propionic and butyric acids was
observed low because of the sufficient propionate- and
butyric-degrading syntrophs which could rapidly convert
propionic acid and butyric acid to acetic acid (Montero et
al., 2008). The VFAs were increased rapidly after starting
the test and reached a maximum of 16.72, 16.42, 17.84,
17.73, 18.27 and 17.55 g/L within 1 to 2 weeks. During
this period, the acetic acid production rate was apparently
higher than the acetic acid consumption rate. The
degradation of propionate and butyrate by syntrophic
acetogenic bacteria (for example, syntropher wolinii,
syntrophomonas wolfei) produced acetic acid that was
subsequently degraded into methane and CO2 by
acetoclastic methanogens (Montero et al., 2008). During
methanogenic stage, acetic acid was started to convert
into biogas such as methane and carbon dioxide. Thus,
as methanogenesis and methane gas yield have
increased, the VFAs concentrations were decreased. No
high VFAs accumulation was detected due to perhaps
acetatoclastic methanogens could consume acetate
quickly in the digesters to yield methane and carbon
dioxide. At the end of the processes, VFAs contents
decreased below 1.3 g/L. No inhibitory concentration of
VFAs was noted during the experiment as according to
Ahring et al. (1995), the inhibitory concentration for
methanogenesis is 3.5 g/L.
Biogas generation and methane content
The energy contained in biogas is determined by both
biogas volume and methane content. The total biogas and
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Figure 1. VFAs accumulation and degradation.

methane productions were calculated by summing daily
biogas and methane production respectively. The daily
methane yield was computed by timing daily biogas
production with corresponding methane content. The
daily biogas production, total biogas generation and

cumulative methane yield for each test are shown in
Figures 2 and 3. The rapid initial biogas production was
due to readily biodegradable organic matter in all the
substrates and presence of high content of the
methanogens. Similar trends of daily biogas and methane
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Figure 2. Daily biogas production.
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Figure 3. Total biogas and methane yield.

yield were observed for all the tests. The biogas
generation started after seeding, kept increasing until
reaching the peak, and then began to decline. It was not
observed several peaks during the digestion process as
reported by Li et al. (2009), since both co-substrates
were highly biodegradable. The biogas started generating
earlier and obtained the peak value (2.82 L) swiftly on
day 8 in the case of the pure sludge. The daily biogas
yield reached a peak value of 2.29 L on day 16 and
decreased slowly for pure manure. It was also detected
that the addition of sludge into cow manure has prompted
the start up period with early generation of biogas and
biodegradability as the sludge has more soluble COD,
relatively high biodegradable matter and might contain
more anaerobic microorganisms. The initial methane
contents in the yielded biogas has increased and
exceeded 50% after one week in all the functional

reactors and obtained stable phase of the digestion. The
percentage of carbon dioxide has increased and
stabilized in between 25 to 40%. Hydrogen gas was
detected in very small percentage (<1%) during start up
phase and then decreased. Negligible percentage (<0.3%)
of Hydrogen gas was usually detected during rest of the
digestion period in all the tests. This might be happened
due to the fact that, all the available hydrogen gas rapidly
combined with CO2 to produce methane by hydrogenotrophic methanogens and presence of high
percentage of H2-utilising methanogens. There were
variations of methane content among different treatments.
The maximum methane percentage was found in reactor
R6 followed by R5, R4, R3, R2 and R1; which were 67.04,
66.08, 65.17, 63.46, 63.02 and 60.73% respectively. The
average methane content had also same trends; which
were 58.91, 58.62, 58.48, 57.29, 56.63 and 56.22%
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Figure 4. TS, VS, COD, TOC and NH4+-N degradation.

respectively. The co-digestion could not improve the
biogas quality (methane content in the biogas). The
cumulative specific biogas generation of the reactors R1,
R2, R3, R4, R5 and R6 measured were 56.94, 58.51, 61.00,
63.12, 59.30, and 55.39 L/kg with 32.01, 33.13, 34.96,
36.91, 34.76, and 32.63 L/kg methane contents,
respectively. As previous studies Jha et al. (2010a) and
Luning et al. (2003) pointed out that, the quality of biogas
and the specific gas production were identical to the
liquid
anaerobic
digestion
processes.
Several
researchers like De Baere (2006) and Li et al. (2010)
have pointed out also that higher inoculum are required
for dry anaerobic digestion. This study revealed that dry
anaerobic digestions of manure, solid sludge and their
mixtures were feasible using 20% digested slurry as
inoculum.
In 28th day, the cumulatative methane production from
the reactor R6 containing pure sludge was 81% of the
total methane yield while the reactor R1 having pure
manure produced 69% of the cumulative methane and

the mixtures yielded 72 to 79% of the computed methane.
It was also calculated that 35 days was needed to obtain
81% of the cumulative methane production in the reactor
R1. It means that the sludge required relatively less
digestion time and the addition of the sludge prompted
the digestion efficiency of the manure.
Total solids (TS), volatile solids (VS), chemical
oxygen demand (COD) and total organic carbon (TOC)
removal
Biogas is generated from the biological conversion of the
substrates. The efficiency of solid-state anaerobic
digestion was evaluated in terms of TS, VS, COD and
TOC reduction as the amount of dry matter and organic
compounds of the substrates represented the above
mentioned parameters. Figure 4 and Table 3 present the
removal percentage of TS, VS, COD, SCOD and TOC,
and methane yield per gVS and gCOD in bio-methanization
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Table 3. Organic matter degradation and methane yield in each reactor.

Reactors
R1
R2
R3
R4
R5
R6

VSi (g/kg)

VSr (%)

127.34
122.53
117.21
112.67
107.74
102.18

47.52
49.91
52.77
54.80
53.73
53.74

Organic matter and its removal
CODi
CODr
SCODi
SCODr
(g/kg)
(%)
(g/kg)
(%)
152.4
51.13
65.36
72.15
147.84
52.27
63.21
73.68
142.08
54.23
62.48
75.59
136.77
55.22
63.02
77.98
132.67
55.02
61.84
77.75
126.18
55.10
61.12
77.70

TOCi
(g/kg)
34.96
35.10
35.35
35.68
35.94
36.25

TOCr (%)
68.39
69.94
70.27
70.71
70.17
68.52

Methane yield
CH4/gVS
CH4/gCO
(L)
D (L)
0.251
0.210
0.270
0.224
0.301
0.249
0.328
0.270
0.323
0.262
0.319
0.259

R, reactors; I, initial; r, removal.

Table 4. Synergistic effect of co-digestion of cow manure and solid sludge.

Reactors
R1
R2
R3
R4
R5
R6

CM/WWS ratio
1:0
4:1
3:2
2:3
1:4
0:1

Co-digestion (mL)
33136.27
35314.12
36912.63
34760.71

Manure (mL)
32011.91
25609.53
19207.15
12804.76
6402.38
0.00

processes of cow dung with the solid sludge at 35°C.
These values were high in the beginning and gradually
decreased due to consumption by fermenting and
methanogenic bacteria. The specific methane generation
was found to be 0.251, 0.27, 0.301, 0.328, 0.323 and
3
0.319 m /kgVS in the functional digesters R1- R6 while in
3
terms of m /kgCOD were 0.21, 0.224, 0.249, 0.269, 0.262
and 0.256, respectively. There were close relationships
between biogas yield and TS, VS, COD and TOC
removal. As presented by Bhattacharya and Mishra
(2005) and Jha et al. (2010a), the current study also
shows that the biogas yield and biodegradation of
undiluted substrates were comparable with that of the
diluted anaerobic digestion. It can be observed that the
highest efficiency of TS (34.24%), VS (54.80%), COD
(55.22%) and TOC (70.71%) removals and methane yield
3
3
(0.328 m /kgVS; 0.269 m /kgCOD) were found in R4
compared to the other co-digestion ratios and the
controls. The results imply that the methane yield and the
biodegradability were improved by co-digesting cow
manure with the sludge. It was also noted that 84% VS,
83% COD and 81% TOC degradation of the computed
degradation for the pure sludge were achieved in four
weeks while the degraded VS, COD and TOC were 68,
69 and 69% of the total degradation in the case of pure
manure during the same digestion time. The values for
the mixtures were determined in between 72 - 80% for

Biogas
Sludge (mL)
0.00
6526.16
13052.32
19578.47
26104.63
32630.79

Increase (mL)

Increase (%)

1000.58
3054.66
4529.40
2253.70

3.11
9.47
13.99
6.93

VS, 72 - 80% for COD and 73 - 80% for TOC. It reveals
that the sludge was more biodegradable than the manure
and helped to increase the biodegradability of the manure.
Co-digestion performance and synergistic effect
The co-digestion of the organic wastes involves the
mixing of the various substrates in varying proportions.
Four co-digestion CM/WWS ratios of 1:4, 2:3, 3:2 and 4:1
were utilized and tested against pure manure and solid
sludge as the controls. The co-digestions improved waste
treatment efficiencies and achieved higher cumulative
biogas production and methane yield due to synergistic
effect. The synergistic effect is mainly attributed to more
balanced nutrients, increased buffering capacity,
decreased effect of toxic compounds and the structural
changes of the fibers in co-digestion. More balanced
nutrients in co-digestion would support microbial growth
for efficient digestion, while increased buffering capacity
would help maintain the stability of the anaerobic
digestion system. Table 4 illustrates the synergistic effect
of co-digestion of cow manure and solid sludge. It was
found that compared to the single-digestions, the codigestions at four CM/WWS ratios achieved 3.11 to
13.99% additional biogas production. This means that
based on the same amount of manure and sludge feedback,
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supplementary bio-energy can be generated when the
co-digestion process is applied. This result is consistent
with other research (Li et al., 2009; Mata-Alvarez et al.,
2000; Naomichi and Yutaka, 2007) who have stated that
digestion of more than one kind of substrate could
establish positive synergism in the digester. The
CM/WWS ratios of 3:2 and 2:3 might provide more
balanced nutrients and buffering capacity and thus
enhance the anaerobic digestion process and bio-energy
production.
Organic fertilizer
Apart from biogas, the dry anaerobic digestion process
results in a lower outcome of leachate and produces
byproduct (digested residual) which can have a value as
a fertilizer or soil amendment. The bio-fertilizer enriches
soil with no detrimental effects on the environment
(Iyagba et al., 2009; Uzodinma et al., 2008). The weight
and volume reductions, compared to initial values of the
substrates, were found approximately 10 - 20%. The
nutrients, mainly Nitrogen (1.67 to 2.49 g/kg) and
Phosphorus (0.95 to 1.13 g/kg), in the digestate were
observed high. In addition, the handling of the digested
residues (TS: 10.5 to 10.8%) that could be further treated
by composting process or be used as fertilizer is easier
than that of obtained in the liquid digestion (Brummeler,
2000). Bio-fertilizers which increase crop productivity are
more cost-effective and eco-friendly supplements than
chemical fertilizers.
Conclusions
Dry anaerobic digestions of cow manure and solid sludge
are feasible and stable processes. Dry anaerobic codigestion of cow dung with the sludge boosted biogas
production and achieved stable performances of
anaerobic digestions. The co-digestions persuaded a
better nutrient balance and therefore better digester
performance and higher biogas yields. The specific
methane generation for the digesters R1-R6 was found to
3
be 0.251, 0.27, 0.301, 0.328, 0.323 and 0.319 m /kg VS
3
while in terms of m /kgCOD were 0.21, 0.224, 0.249,
0.269, 0.262 and 0.256, respectively. The biogas
generation and biodegradation of the substrate as started
early in the case of the sludge followed by co-digested
substrates than single manure. The co-digestion of the
manure with the sludge in the ratio of 2:3 achieved the
highest biogas production, methane yield, biodegradeability and TS, VS, COD, SCOD, TOC reductions, which
3
are 63.12 L/kg, 36.91 L/kg, 0.328 m /kgVS, 0.269
3
m /kgCOD, 34.24, 54.80, 55.22, 77.98 and 70.71%, respectively. Compared to single-digestions, 3.11 to 13.99%
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more biogas productions were obtained in the case of codigestions due to the synergistic effect. The synergistic
effect is mainly attributed to more balanced nutrients and
increased buffering capacity. The results showed that codigestion of cow manure with the sludge could be one of
the options for efficient biogas production and sustainable
waste management.
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