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ABSTRACT
A mesophilic-dry anaerobic digestion process is valid in treating high-concentration substrates containing low moisture
content. It has merits of lower wastewater discharge and lower heat capacity required in maintaining reactor temperature as compared with a thermophilic-wet anaerobic digestion process. In fact, chaff can be easily obtained in farming
areas and used as a mixture substrate as one of bulking agents for controlling moisture and supplying carbon. For this
reason, this study applies the chaff to improve livestock manure, which contains high moisture content and is discharged from domestic pig farms. This study aims at verifying its feasibility for improving methane production efficiency on a basis of BMP (Biochemical Methane Potential) assay obtained through a series of experiments. Finding
results were methane gas production and gas production per volatile solid (VS) added, and methane gas production
among biogas production were increased as the chaff added in the piggery manure was increased. According to experimental results for improving the methane production efficiency, mixture of the chaff and the piggery manure played an
important role in controlling the moisture content and improving the methane gas production rate, and also verified its
feasibility in the mesophilic-dry anaerobic digestion process indicating relatively less difficulty for operation and management.
Keywords: Anaerobic Digestion; Methane; Chaff; Biogas; Piggery Manure

1. Introduction
A methane fermentation process has an advantage in
treating organic contaminants for preventing environmental pollution when comparing a conventional aerobic
treatment process. Naturally, the methane fermentation
process has a combination limit of processes but it is
relatively useful in aspects of energy production and resource collection. The methane fermentation process
such as an anaerobic digestion process is a skill studied
and used for a long time and is recently being magnified
in a situation as an international concern focusing on
climate change control and renewable energy demand.
Especially, a biogas plant, one of the methane fermentation skills, has been used in many countries and known
*
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as one of effective strategy techniques for bio-fuel production [1].
Domestic livestock manure emission classified by livestock types has a component ratio as follows; 57.6%
piggery manure (740,000 m3/d) and 42.4% cow manure
(540,000 m3/d) [2], and dairy cow manure of the cow
manure is emitted in the overcrowded area such as farms
but few Korean native cattle are raised in small farmers
and there are many bad cases in collecting and in treating
Korean native cattle manure. The organic content is a
raw matter to produce the methane and exists in the piggery manure as low as 2% to 5%. Thus, utilization of the
piggery manure as a substrate is low and also it is known
well that a stable operation of an anaerobic digestion tank
is difficult because a fluctuation range of the organic
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content is large periodically and the moisture content is
high enough [3].
The anaerobic digestion process is divided into a wet
process and a dry process according to solid content or
moisture content of the substrate used. Until the mid1980s, the wet process has been mainly applied in the
field using waste matters within 10% solid content as the
substrate. With EU as the center rapidly from the 1990s,
however, the dry process has been developed to digest
organic waste matters containing the solid content over
20% [4]. In treating the high-concentration substrate
having low moisture content, the dry process requires
low heat capacity to maintain the reactor temperature and
discharges low wastewater after treatment [5]. However,
it is not valid to put the livestock manure into the dry
process directly because the livestock manure emitted
from domestic piggery farms contains a great deal of
moisture and the solid content of the livestock manure is
very low. Meanwhile, the bulking agents such as rice
straws, chaff, dead leaves fragments, sawdust, etc. are
easy to obtain in the farm area and such agricultural byproducts have been used as the bulking agent for composing manure from old times and also as the carbon
supplement for maintaining the proper C/N ratio. Practically, most of domestic livestock farms are located in the
farming settlement that is producing a great deal of the
bulking agent. In adopting the biogas plant in the domestic farming areas, the dry anaerobic digestion process is
in a more advantageous situation than the wet process
when considering realistic conditions, In Europe recently,
studies on the dry digestion operation for the municipal
organic solid waste are actively proceeding to reduce
waste amounts for landfill and to produce the bio-energy
[6,7]. However, previous studies mainly present that the
operation results for high temperature (50˚C - 60˚C) conditions and continuous operation cases are also pretty
rare [8].
To analyze the ultimate methane production rate (mL/gVSadded) caused by organic matters as the substrate for the
anaerobic digestion process, it measures the methane
amounts produced during the anaerobic batch incubation
period and cumulative methane formula can be used to
determine the methane production yield based on the
observed data. Representative models such as Modified
Gompertz model or Exponential model are used to analyze experiment data obtained through the methane production potential test [9,10]. Using those models described in Equations (1) and (2) as below, comparative
studies are variously proceeding to determine the ultimate methane production yield of the substrates related
to diverse components [11,12].
Modified Gompertz Model Equation [13]:

R ×e
 
M = M o × exp − exp  m
(λ − t ) + 1 

 Mo
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where, M: cumulative methane production yield (mLCH4/g-VS)
t: incubation time of an anaerobic digestion tank (days)
Mo: ultimate methane production yield (mL-CH4/g-VS)
Rm: maximum methane production rate (mL-CH4/gVS·day)
e: exp (1) = 2.71828182
λ: lag phase, days
Exponential Model Equation:

(

B = Bo 1 − e − kt

)

(2)

where, B: cumulative methane production yield (mLCH4/g-VS)
t: incubation time of an anaerobic digestion tank (days)
Bo: ultimate methane production yield (mL-CH4/g-VS)
k: 1st order reaction rate constant (day−1).
With the purpose of energy resource recovery through
the methane production due to the piggery manure in the
farming area, this study conducts a series of experiments
with the dry anaerobic digestion using the chaff. The
chaff is easily obtained in the farming area as one of the
byproducts and as the substrate to mix with the manure
as well as to control the moisture. The anaerobic digestion has been conducted in the single-phase mesophilic
condition, BMP (biochemical methane potential) assay
has been applied to estimate the methane production potential due to the several mixture ratios between the piggery manure and the chaff based on the experimental
results, and this study has been accomplished to find a
way to improve the methane production efficiency.

2. Materials and Methods
2.1. Experimental Equipments and Operation
Conditions
In experiments, a batchwise reactor of methane yield is
prepared for single-phase anaerobic digestion as shown
in Figure 1. For a dry methane production process of
livestock manure as a main substrate, typical experimental conditions were adopted to examine gas production
yield and responses characteristics. Experiments were set
up to control pH if necessary and to incubate for 40 days
as controlling to keep typical temperature for mesophilic
digestion in a range of 35˚C ± 1˚C [14], and an additional
agitator was excluded in the experiments.
Figure 1 describes a schematic diagram of a batchwise
single phase digester for methane yield. 0.5 L serum bottles were set up to an incubator at a constant temperature.
Operation conditions were monitored for every serum
bottle in different mix proportions between piggery manure as a main substrate and chaff as a mixture substrate
to control the moisture. Major items such as pH change
and the gas production yield from the serum bottle were
monitored due to each condition. The operator also
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Table 1. Operation condition and substrate composition of
single phase digester.

Figure 1. Schematic diagram of batchwise single phase digester for methane yield.

measured generating-capacity and methane content in
gas collected in a teflon bag through an exhaust pipe in
the middle of a gas-tight rubber stopper of the serum
bottle at a constant time interval, every 3 days. Additionally, taking small amounts from all of samples and putting them into each 50 mL-tube, the operator measured
its weight per VS (volatile solid) changed with operating
under the same conditions.
Table 1 presents operation conditions and a substrate
composition in the single phase digester. For two operation parameters such as the substrate concentration and
the solid content, the methane production was estimated
in different mixing ratios between the piggery manure
and the chaff. All samples except a control group
(marked as Run 1) were added trace elements in order to
minimize unstable effects of microbial growth due to
lack of essential elements in the anaerobic digester.

2.2. Sample and Analysis Method
Livestock manure has been concerned in domestic water
management as a non-point source. Among the livestock
manure, piggery manure is newly applied as a main substrate for methane production. To improve the methane
production, chaff in powder form (below than 100 mesh)
is also mixed with the piggery manure to control the
moisture as well as to improve the methane production.
Major properties of the piggery manure are shown in
Table 2 and chemical properties of all samples (Run 1 Run 5) are described in Table 3. Also, Table 4 presents
trace elements (mineral salts and trace metals) added for
the safe operating condition. Water quality and solid
matters were analyzed by the standard method (2005) in
this study.
The piggery manure samples were collected in the retaining tank for gathering and mixing the manure of the
pigsty before inputting washing water of a pig farm.
Copyright © 2013 SciRes.

Substrate and solid content

Samples

Mixing ratio
between
manure and
chaff

Run 1

2.50:1
(control)

300

120

35.4

non-spiked

Run 2

4.17:1

300

72

27.2

spiked

Run 3

3.13:1

300

95

30.6

spiked

Run 4

2.78:1

300

108

33.1

spiked

Run 5

2.50:1

300

120

35.7

spiked

Piggery Powder of Solid
content*
manure
chaff*
(g)
(g/L)
(%)

Trace
elements

Note: *Converted value into concentration.

Table 2. Chemical composition of piggery wastewater used
as main substrate in this study.
Description

Unit

Measured values

pH

8.7

BOD

mg/L

2205

CODcr

mg/L

2221

SCODcr

mg/L

1126

T-N

mg/L

3439

T-P

mg/L

121.8

NH3-N

mg/L

1304

P -P

mg/L

4.3

Alkalinity

mg/L as CaCO3

5800

Fixed solid

mg/L (%)

5900 (0.59)

Volatile solid

mg/L (%)

3300 (0.33)

3−
4

Table 3. Chemical composition of experimental substrates
(mixture of piggery manure and chaff).
Description

Unit

pH

Run 1

Run 2

Run 3

Run 4

Run 5

8.1

7.9

7.8

8.0

8.0

CODcr

mg/kg

16,587

10,092

14,309 15,447 16,760

T-N

mg/kg

1583

3286

2988

1848

1643

T-P

mg/kg

151.4

189.2

169.2

159.2

153.2

NH3-N

mg/kg

1122.6

1553.1

1416.0 1401.2 1204.8

Fixed solid

%

4.071

6.129

5.707

5.147

4.571

Volatile solid

%

3.048

2.984

2.879

2.966

3.071

Characteristics of target wastewater compiled from the
piggery farm were indicated high pH around 8.7 and high
alkalinity about 5800 mg/L as CaCO3, which were typiACES
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cal in the livestock wastewater. The wastewater was
measured in BOD (2205 mg/L) and TCODCr (2221
mg/L) and contained soluble CODCr ratio around 50.7%.
Total solid concentration was 0.92% with 99.1% water
content and the solid consisted of VS (35.9%) and inorganic solid (64.1%). Fraction of nutrients compared with
the organic was as follows; COD:NH3-N:PO43−-P =
51.7:30.3:1.0.
Table 3 describes chemical compositions of experimental substrates in five different sample groups from
Run 1 to Run 5 classified by different mixing ratios between the piggery manure and the chaff at identical conditions. The solid content was ranged from 27.2% to
35.4% and CODcr was distributed from 10.092 mg/L to
16,760 mg/L. Ratios of the organic matter and nutrients
(COD:T-N:T-P) for the sample groups (Run 1 - Run 5)
were 109.6:10.5:1, 53.3:17.4:1, 84.6: 17.7:1, 97.0:11.6:1,
and 109.4:10.7:1, respectively.

an anaerobic process and it was analyzing organic concentration converted into CH4. In this study, a serum bottle was filled with a target sample, covered with a butyl
rubber septum, sealed with a reinforced plastic lid, and
kept in an incubator at a constant temperature 35˚C to
induce anaerobic degradation. Gas producing capacity
and its composition were analyzed every time interval
and then a methane production rate was recorded. The
control group (Run 1) was examined under the same
conditions to modify other gas capacity and other effects
occurred from the target experimental samples. Unlike
the target experimental groups, the control group did not
add trace elements consisting of mineral salts and trace
metals. The gas producing capacity was measured using
a glass syringe in the constant time interval and the methane production rate was analyzed using Gas Chro- matography-Mass Spectrometer, GC-MS (6890 N Network GC system).

2.3. BMP Assay

3. Result and Discussion

A BMP (biochemical methane potential) assay was developed by Owen et al. [10] to evaluate potential efficiency for biodegradability of target livestock manure in

3.1. Experimental Result of Dry Mix Digestion

Table 4. Composition of mineral salts and trace metals.
Concentration of
mineral salts (mg/L)
NH4Cl

Concentration of trace metals (mg/L)

0.53 MnCl2·4H2O 0.0005 NaMoO4·2H2O 0.00001

CaCl2·2H2O 0.075

H3BO3

0.00005

CoCl2·6H2O

0.0005

MgCl2·6H2O

0.1

ZnCl2

0.00005

NiCl2·6H2O

0.00005

FeCl2·4H2O

0.02

CuCl2

0.00003

Na2SeO3

0.00005

Piggery manure has had a difficult time in proceeding
wet anaerobic digestion because of its high moisture
content. For improving the anaerobic digestion of the
piggery manure, it may be mixed with chaff obtained
easily in farming areas. Table 5 presents main experimental results of gas production and methane yields
through 40 days digestion operating period for five sample groups.
In anaerobic degradation reactions of organic matters,
substrate concentrations and physical and chemical
compositions can affect on a reaction rate of hydrolysis

Table 5. Experiment results of methane yields for five types of mixed substrates.
Descriptions

Samples
Run 1

Run 2

Run 3

Run 4

Run 5

Cumulative volume of biogas yield (L)

3.21

3.48

3.69

4.19

4.76

Average daily biogas yield (L)

0.708

0.780

0.825

0.933

1.040

Maximum daily biogas yield (L)

1.070

1.160

1.230

1.397

1.587

Average methane fraction in biogas (%)

0.639

0.680

0.692

0.689

0.720

Maximum methane fraction in biogas (%)

0.735

0.782

0.791

0.842

0.849

Volatile solid (added) (g)

12.8

11.1

11.4

12.1

12.9

VS removal fraction (-)

0.667

0.843

0.808

0.833

0.797

Total biogas production rate (L/g-VSremoved)

0.376

0.372

0.396

0.416

0.463

Average daily biogas production rate (L/g-VSremoved·day)

0.102

0.109

0.121

0.116

0.139

Maximum daily biogas production rate (L/g-VSremoved·day)

0.198

0.201

0.208

0.216

0.235

Terminate duration of methane yield (days)

37 - 40

34 - 37

37 - 40

37 - 40

37 - 40

Copyright © 2013 SciRes.
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and acid formation. Hence, this experiment set an equal
amount of the livestock manure for all of samples to
prevent the methane production rate from reducing.
For considering the biogas production as shown in
Table 5, total gas production and the gas production
yield per VS added were also increased when the more
chaff was mixed with the piggery manure. As mentioned
above, the methane gas fraction in the biogas swung upward as the more chaff was added in the mixture. The
addition of the chaff obviously improved the methane
production rate and reduced the moisture content. In
Figure 5, Run 1 and Run 2 used the constant mix proportion of the chaff but Run 1 without the trace elements
produced less gas amounts compared to Run 2.
VS removal efficiency was estimated depending on
measurement results of VS change amounts and was distinct from the change of the gas production yield. Although the VS was measured for the same sample under
the identical conditions, in fact, there was a limitation in
conforming tiny change of weight when the 0.5 L-serum
bottle was measured directly. Thus, it may be possible to
have some error because this study has measured a 0.05
L-additional container at the constant time interval.
Figure 2 indicates cumulative gas production rates of
five sample groups for the digestion period. A large
amount of gas was produced when the large amount of
the chaff was added. Also, the daily gas production rate
was slightly rapid at the sample group with the large
amount of the chaff as shown in Figure 3 and a maximum gas production peak was appeared at 10 - 15 days
after the digestion was started. Therefore, the sample
group with the larger chaff content indicated the more
gas production yield and the faster gas production rate,
and the earlier maximum gas production peak.

3.2. Ultimate Methane Productivity Evaluation
Theoretical total methane productivities of piggery ma-

Figure 2. Comparison of cumulative gas yield from five
types of samples.
Copyright © 2013 SciRes.
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(a)

(b)

Figure 3. Distribution of gas production rate from five types
of samples (3 days period). (a) Cumulative gas production
rate; (b) Daily gas production rate.

nure (516 L/g-VS by the hog and 530 L/g-VS by the
sow) were higher than those of the cow manure (469
L/g-VS). The ultimate methane yield was in order as
follows; 356 L/g-VS by the hog, 275 L/g-VS by the sow,
and 148 L/g-VS by the milk cow. Also, the straw and the
chaff were known to have much more methane yields as
compared with the animal manure [15].
Modified Gompertz Model (MGM) and Exponential
Model (EM) were used to evaluate the cumulative methane yield on a basis of the BMP assay operated for 40
days under the experimental conditions for five sample
groups. By comparison of the ultimate methane yields
(cumulative methane yields at the final time, 40 days)
evaluated by two models, MGM (168.39 - 314.08 mLCH4/g-VSadded) determined relatively lower ranges than
EM (167.62 - 312.47 mL-CH4/g-VSadded).
In Table 6, for the mesophilic-dry digestion experiment, the ultimate methane yield was observed in the
range of 163.02 mL - 313.27 mL-CH4/g-VSadded which
was applied in two models as Mo and Bo. The methane
yield was also increased when the chaff mixing ratio was
ACES
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Table 6. Summary of kinetic parameters predicted by two models.
Samples
Model

Modified Gompertz Model

Exponential
Model

Parameters
Run 1

Run 2

Run 3

Run 4

Run 5

Cumulative methane yield, M (mL-CH4/g-VSadded)

168.49

245.33

256.65

291.22

314.08

Ultimate methane yield, Mo (mL-CH4/g-VSadded)

168.02

245.17

256.03

291.57

313.27

Maximum methane production rate, Rm (mL-CH4/g-VSadded·day)

15.98

16.97

16.90

17.58

19.77

Lag phase, λ (day)

3.0

3.0

3.0

3.0

3.0

Determination coefficient, R2 (-)

0.94

0.98

0.99

0.99

0.98

Cumulative methane yield, B (mL-CH4/g-VSadded)

167.62

245.04

254.79

291.14

312.47

Ultimate methane yield, Bo (mL-CH4/g-VSadded)

168.02

245.17

256.03

291.57

313.27

Reaction rate constant, k (/day)

0.15

0.19

0.13

0.16

0.15

Determination coefficient, R2 (-)

0.89

0.84

0.92

0.85

0.87

Note) *Mo or Bo is the ultimate methane yield observed during the experiment.

high as shown in the case of total gas production rate.
Also, Run 1 without the trace elements indicated the lower cumulative methane yield (77.15 mL-CH4/g-VSadded)
than that for Run 2 with the trace elements.
The results of BMP assay simulated by two types of
models showed a difference and the modified Gompertz
Model was better fit compared with the Exponential
Model as shown in Figure 4.
In the experiment, the ultimate methane yield per the
inserted VS was distributed in the range of 163.02 mL 313.27 mL-CH4/g-VSadded. In previous studies, mixture
digestion of food waste and livestock manure was tested
in the thermophilic-wet digestion process and the ultimate methane yield per the inserted VS was ranged from
313.35 to 377.43 mL-CH4/g-VSadded [16], which was
relatively higher than that obtained in this study, and
similar to that of the single livestock manure tested at the
thermophilic digestion and its result presented as 241
mL/g-VSadded [17]. In addition, typical experimental values obtained from foreign countries were 250 L/g-VS for
the cow manure including the straw and 279 L/g-VS [18]
for the horse-manure with the straw estimated by the
thermophilic-wet anaerobic digestion process, and 318
mL/g-VSadded [19] for sewage sludge in similar. However,
comparative evaluation represented little because BMP
assay were varied greatly due to the operation conditions
such as nutriment component and addition amount, heat,
agitation, and so on [20].
According to the evaluation result of the ultimate methane yield, the mixture of the livestock manure and the
chaff in the mesophilic anaerobic digestion process has
an advantage when comparing with the only livestock
manure containing high moisture content at the
Copyright © 2013 SciRes.

(a)

(b)

Figure 4. Biochemical methane potential assay simulated by
two models. a) Modified Gompertz Model; b) Exponential
Model.
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thermophilic digestion process in common. Also, it is
verified that the trace elements are required to add when
the chaff to mix with the livestock manure is not sufficient. Therefore, further study is required more detailed
research.

3.3. Mixture Ratio of Manure and Chaff
On the domestic side, food waste as a mixture substrate
of livestock manure has been mainly used to solve a
pending issue and to improve methane production efficiency. Domestic studies related to optimal mixing ratio
of the livestock manure and the food waste have been
conducted but the study using herbal plants such as chaff
and straw is rare. Because rural areas mainly produce the
livestock manure and urban areas discharge the food
waste mostly, facilities and energy for transportation are
required if the food waste is considered as the substrate
mixing with the animal manure. The herbal plants like
the chaff are easily obtained in the rural area and mostly
used to mix with the livestock manure as shown in developed countries having many cases for biogas plants
[21].
With that background, this study verified that the methane production rate was varied due to the amount of the
chaff mixed with the livestock manure. As the amount of
the chaff was enlarged to expand biogas production and
to increase methane production efficiency, it was naturally converted to the dry anaerobic digestion process
caused by the lower moisture content and it had little
regard for wastewater emission. Coverse et al. studied on
the methane production using the high rate of organic
loading as inserting carbohydrate mixture compounds
[22]. According to their study, the maximum methane
production rate was high at the thermophilic digestion
but overall methane production yield was larger at the
mesophilic digestion. A previous study applied the straw
as the mixture substance had reported the most methane
production was yielded from the mixture sample of 3%
straw and the livestock manure containing 5% solid [23].
To verify the optimal mixing ratio of the piggery manure (SM) as the main compound and the chaff (SB) as
the additional mixing compound in this study, the ultimate methane production yield and the maximum production rate due to SM/SB ratio are presented in Figure
5. As shown in Figure 5(a), the ultimate methane production yield and the maximum methane production rate
were increased less than 3.5 of SM/SB ratio. The SM/SB
ratio is remarkably varied due to the livestock manure
composition changed by the stock farmers and the discharging season (or time) and its role may be slightly
changed due to the type of the chaff and the condition of
the chaff. Therefore, it is necessary to develop a standard
model using the more accurate SM/SB ratio examined by
several parameters such as solid content, livestock maCopyright © 2013 SciRes.

(a)

(b)

Figure 5. Change of methane yield coefficients in terms of
M/H ratio. a) Ultimate methane yield; b) Maximum methane production rate.

nure types, chaff types, dry conditions of the chaff including moisture content and woody presence, and so on.

4. Conclusions
Considering domestic waste and natural water management, piggery manure is mostly required to be treated
among non-point sources of the stock raising system and
can also be a main compound of methane production.
With that background, this study performed a series of
experiments on mesophilic-dry anaerobic digestion of the
main compound, piggery manure, mixed with chaff, a
mixture compound or substrate, for supplying carbon and
controlling moisture. Also, this study conducted comparative evaluation of methane production potential produced from the anaerobic digestion process due to a
mixing ratio of the piggery manure and the chaff, and
obtained following conclusions after the careful consideration and emphasis on the reasonable mixing ratio:
ACES

D.-H. KWAK

234

1) The larger amounts of the chaff resulted in the larger methane production yields as well as the larger gas
production yields per volatile solid (VS) inserted. The
methane ratio in the produced biogas was also increased
as the amount of the chaff was increased.
2) When using the same mixture ratio of the chaff, the
gas production from the sample without trace elements
was less than that from the sample with trace elements.
Therefore, one can say that the trace elements are important when producing the methane from the mixture compounds of the piggery manure and the chaff.
3) For the mesophilic-dry digestion, the cumulative
methane production yield per the inserted VS was ranged
in 163.02 mL - 313.27 mL-CH4/g-VSadded. Similar to the
measurement result of total gas production yield, the
methane production yield was increased with the higher
mixture ratio of the chaff.
4) For the comparative evaluation of the BMP assay,
the ultimate methane yield using Modified Gompertz
Model was calculated as 168.39 - 314.08 mL-CH4/gVSadded. It was slightly lower than that in the thermophilic-wet digestion process for the mixture of the domestic food waste and livestock manure and similar to
that in the thermophilic-wet digestion process of the sewage activated sludge.
5) When the optimal mixture ratio (SM/SB) between
the piggery manure (SM) and the chaff (SB) was less
than 3.5, the ultimate methane production yield (Mo) and
the maximum production rate (Rm) were decreased.
In conclusion, the mixture of the chaff to the piggery
manure controls the moisture content and improves the
methane production rate. Also, this study verifies the
feasibility of the mesophilic-dry anaerobic digestion
process, which is less difficult in operating and maintaining.
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