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a b s t r a c t

Optimization of biogas production and quality from chicken droppings by anaerobic co-digestion with
Cymbopogon citratus was investigated. The anaerobic digestions of chicken droppings, chicken droppings
with C. citratus as well as C. citratus alone were carried out for a period of 30 days at an average ambient
temperature of 33.1 � 2 �C using identical reactors (AeC) respectively. Results obtained indicate that
chicken droppings produced on the average 1.8 L/kg/day of biogas, co-digestion of chicken droppings and
C. citratus produced 1.3 L/kg/day of biogas while C. citratus alone produced 1.0 L/kg/day with estimated
average methane content of 41.71%, 66.20% and 71.95% for reactors AeC respectively. The water boiling
rates of biogas from chicken droppings, chicken droppings with C. citratus, and C. citratus alone were
0.079 L/min, 0.091 L/min and 0.12 L/min respectively, after the gases were scrubbed with water and
slaked lime. It was observed that notwithstanding the higher biogas volumetric yield from chicken
droppings digested alone, the co-digestion of chicken droppings with C. citratus had better gas quality
with respect to the methane content present and cooking rate. This study has shown that the methane
content of biogas from animal manure substrates could be improved by co-digestion with energy plants.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Inadequate energy supply and environmental pollution are
gargantuan problems confronting Nigeria and many other devel-
oping nations of the world. The energy demanding lifestyle of the
modern world calls for the generation of energy from alternative
sources that are renewable and eco-friendly [1]. The abundant
hydrocarbon natural resource (crude oil and natural gas) in Nigeria
is the mainstay of over 80% of revenues to the nation. However, this
has neither served as a catalyst for economic growth nor the major
source of energy in the mix of energy supplies. Rising crude oil
prices, environmental pollution resulting from the exploration,
processing and utilization of crude oil and its products have forced
nations of the world to think about alternative sources of energy.
Economic growth and the resultant heavy consumption of natural
resources are responsible for pollution, global warming and pro-
duction of acid rain etc [2]. There is a consensus of opinion that
achieving theMillennium Development Goals (MDGs) in Africa will
lary@gmail.com (H.I. Owamah).
require a significant expansion of access to modern and alternative
renewable energy [3]. Biogas energy could serve this purpose and
can also be managed by locally available resources and simple
technology especially for rural villages [3]. Furthermore, the need
for adequate sanitation and energy especially in sub-Saharan Africa
where only 36% of the population is served with improved sani-
tation facilities and only 58% are served with a safe and cleanwater
supply [4,5] has made biogas technology a welcome development.

Anaerobic digestion is one of the few biotechnologies that can
simultaneously produce bioenergy (as methane biogas), reduce
environmental pollution and recycle nutrients. However, the in-
dustrial viability of this process requires a suitable combination of
physical and chemical process parameters and a low-cost substrate,
hence the need for process optimization. Attempts have been made
to improve biogas production usingmixed co-substrates. Anaerobic
co-digestion of a simulated organic fraction of municipal solid
wastes and fats of animal and vegetable origin has been reported
[6]. A substrate of kitchenwastewith cowmanure has been used to
achieve a yield increase of 44% [7]. Kaparaju and Rintala [8] have
examined the co-digestion of pig manure, potato tuber and its in-
dustrial by-products. The co-digestion of fruit and vegetable
wastes, cattle slurry and chicken manure or sewage sludge for
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Table 1
Characteristics of the substrates before anaerobic digestion.

S/N Parameter Poultry droppings Poultry droppings þ Cymbopogon citratus Cymbopogon citratus Inoculum

1 pH 6.3 � 0.1 5.1 � 0.1 6.5 � 0.1 7.8 � 0.1
2 Total solids (%w/w) 68 � 5.6 19 � 2.1 3 � 0.1 1.62 � 0.1
3 Volatile solids (%w/w) 37.4 � 3.2 8.6 � 1.6 1.2 � 0.01 90.72 � 5.9
4 Ash (%w/w) 2.43 � 0.1 2.8 � 0.1 3.1 � 0.1 1.24 � 0.1
5 Total Kjeldahl nitrogen (gN/kg) 72.2 � 8.5 38.5 � 2.9 12.0 � 1.8 14.2 � 1.9
6 Alkalinity (g/L) 28.2 � 2.3 16.0 � 2.1 0 4.4 � 0.4
7 C:N ratio 4.2 � 0.2 42.2 � 3.6 76.4 � 4.8 3.8 � 0.3
8 Protein (%w/w) 4.2 � 0.2 3.1 � 0.1 0.84 � 0.1 2.6 � 0.1
9 Carbohydrate (%w/w) 2.4 � 0.1 12.3 � 0.2 16 � 1.2 2.2 � 0.1
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biogas production has also been studied [9,10]. The best combina-
tion of various substrates for optimal yield and gas quality remains
a big problem despite the enormous number of potential sub-
strates. The technical and economical feasibility of an industrial
anaerobic digestion plant has been reported to be dependent on the
methane content of the biogas generated [11]. Co-digestion of
different materials may enhance the anaerobic digestion process
due to better carbon and nutrient balance [12,13].

Cymbopogon citratus popularly known as lemon grass is an ar-
omatic plant belonging to the family Gramineae and the genus
Cymbopogon [14]. It is a perennial grass growing to a height of about
1 m. The leaf-blade is linear, tapered at both ends and can grow to a
length of 50 cm and width of 1.5 cm [15]. The leaf-sheath is tubular
in shape and acts as a pseudo stem. It is native of the warm
temperate and tropical regions of the old world. Lemon grass can
tolerate a wide range of soils and climatic conditions but grows
more vigorously on fertile well drained sandy loam soil [15].

According to Ref. [16], lemon grass is used for many medical and
industrial applications due to its essential oil and citral content.
However, after using lemon grass for its useful purposes, it is often
discarded as solid waste in huge quantities. At the moment little or
less is known on the re-use of lemon grass waste. There is also
paucity of information on the potential of C. citratus (lemon grass)
for biogas production. Though chicken droppings could yield rela-
tively large amount of biogas, its biogas usually contains a lot of
impurities. Co-digesting chicken droppings with some energy
plants could contribute to improving the quality of biogas gener-
ated. This studywas therefore carried out to investigate the effect of
co-digesting chicken droppings and C. citratus (lemon grass) on
biogas quality (methane content and heating capacity). The
viability of large scale anaerobic plants depends not only on biogas
yield but also improved gas quality [17].

2. Materials and method

2.1. Collection and preparation of substrates

Chicken droppings were obtained (fresh and free from impu-
rities such as wood filings) from the Poultry Department (Deep
litter section) of the National Animal Production Research Institute,
Shika-Zaria, Nigeria and were transported to the research site. The
C. citratus (lemon grass) on the other hand was obtained from
gardens around some houses within Area BZ staff quarters,
Ahmadu Bello University, Zaria. The total solids and volatile solids
of substrates were determined using standard methods described
in Ref. [17,18]. Following the procedure in Fantozzi and Buratti [11];
APHA [18] the carbon and nitrogen contents were determined us-
ing a TruSpec-CHN LECO analyzer. Ash content was determined
using TGA 701 LEO analyzer [11,18]. Total Kjeldahl Nitrogen (TKN)
was measured using standard methods [18]. Protein and carbohy-
drate contents were measured using Soxhlet extraction and micro-
Kjeldahl methods described in Uzodinma and Ofoefule [19]. With
slight modification, the procedure used in Kaparaju and Rintala [8]
was used to measure the methane content of biogas by gas chro-
matography (GC) (Agilent Technologies 6890N, Ca, USA) using
flame ionization detection (FID) fitted with a Porapak Molsieve 5A
columns. Helium was used as carrier gas with a pressure of 3.0 kg/
cm2 and flow rate of 15 ml/min. Injection and detection tempera-
tures were set at 105 �C and 150 �C respectively. Detailed charac-
teristics of the substrates are shown in Table 1. The lemon grass
obtained was kept in a dry bucket and was allowed to degrade for
40 days, before it was crushed to smaller particles (about 2 inches
or less) using hammer mill. Similar procedure was used for field
grass [19]. The poultry droppings were sun dried for 15 days, fol-
lowed bymechanical crushing with mortar and pestle. Lemon grass
was allowed to degrade for 40 days inorder to partially decompose
its lignin, cellulose and other fibrous tissues to enhance a better
performance during the anaerobic digestion.
2.2. Experimental device

Three 25 L-biogas reactors (AeC) each of height 0.5 m and
diameter 0.25 mwere fabricated from galvanized steel. Galvanized
steel was used as building material because of its strength and
durability in acid or basic environment. Five different holes were
bored on the lid of the digester for insertion of temperature and pH
probes using threaded steel adapters and rubber stoppers to avoid
gas leakage. The cylindrical shape was adopted to enhance better
mixing. The tank was air tight and was clearly placed above the
ground level where it was exposed to sunlight for partial heating.
Three 12.1 L gas holder tanks each of height 0.25 m and diameter
0.25 m were fabricated from thin sheet metal and were used to
temporarily store the biogas until it was used to produce heat or
used to replace or supplement the supply of cooking gas. Plastic
hose was used to connect the digester to the gas collection system
and the biogas stove burner while plastic valves were installed to
control the gas flow. The gas holder stores the biogas and allows the
volume of biogas produced to be measured through the indirect
measurement of a liquid column height. The digester and gas
holder were designed, built and operated by themethods described
in Ref. [17,20] with slight modifications. The composition of biogas
(CH4 and CO2 contents) was determined using a gas chromatog-
raphy (GC) (Agilent Technologies 6890N, Ca, USA). Biogas compo-
sition measurement was taken two times a week in duplicate from
each digester. A 100 ml gas tight syringe was used to take biogas
samples from the digesters head space after releasing the gas. This
was followed by injecting the biogas sample into the GC [21,22]. The
other materials used in this study include pH meter model pHS-2S,
(Shanghai Jinyke Rex, China) for measuring the pH of slurry every
week day throughout the retention period, and Uniscope 2/1 �C
thermometers was used to obtain daily temperature of the digester
as well as the daily ambient temperatures of the environment. The
schematic of the set-up is as shown in Fig. 1.
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2.3. Experimental design and set-up

Batch anaerobic digestion tests were carried out on chicken
droppings, mixture of chicken droppings and C. citratus, and C.
citratus alone in reactors AeC respectively. Prepared chicken
droppings (6 kg) were mixed with 500 ml of water to form slurry
was introduced into reactor A through an inlet pipe of 50mm at the
top of the reactor. The synergy of the chicken droppings and the C.
citratus was done in the ratio of 1:1 by mass. Thus, 3 kg each of
prepared chicken droppings and C. citratus were synergized to give
a total mass of 6 kg of both. It wasmixedwith 500mlwater andwas
introduced into reactor B through the 50mm inlet pipe at the top of
the reactor. C. citratus (6 kg) was mixed with 500 ml of water and
was introduced into reactor C. The slurry was allowed to occupy
three quarter of the digester space leaving a clear height of about
0.0625 m as space for gas production. A 100-ml of partly decom-
posed slaughter house waste (rumen content of cattle) was
collected and used as seed material (inoculum) for all the reactors.
The characteristics of the inoculum are shown in Table 1. A separate
blank reactor containing only the inoculum and water was oper-
ated simultaneouslywith reactors AeC. This was used to correct the
biogas volume produced from the experimental substrates. Total
solids content of the three digesters was set at 7.5% following the
recommendation of Ref. [23]. The inflowwas directed downward to
cause the solids to accumulate at the bottom of the tank for easy
removal after digestion. Before feeding the reactors, the flexible
hose connecting the gas outlet from the reactor, to the gas holder
was disconnected, such that the gas outlet from the reactor was left
open. This was done to prevent negative pressure build up in the
reactor. The contents of the digesters were gently and manually
stirred daily through a stirring rod attached to the digesters at 10am
and 5pm. The gas was collected from the digester through a 10 mm
diameter flexible hose connected from the digester to the bottom of
the gas collection system. The collected gas was allowed to pass
through water and slaked lime respectively as scrubbers. Chen et al.
[24] noted that slaked lime (Ca(OH)2) could be used to remove
carbon dioxide (CO2) from flue gas, and that there is evidence that
the CO2/Ca(OH)2 reaction also requires the uptake of water to have
reaction. The overall reaction is expressed by Equation (1) as
follows:

CaðOHÞ2ðsÞ þ CO2ðgÞ/CaCO3ðsÞ þH2OðlÞ (1)

The gases collected before and after scrubbing were used to boil
water using Ahmadu Bello University biogas stove burner [25],
inorder to estimate and compare the cooking rates of biogas from
the three reactors. The experiment was monitored for 30 days from
14th November, 2011 to 14th December, 2011. During this period,
daily ambient temperature of Samaru-Zaria varied from 27 �C to
37 �C which is within the mesophilic temperature range.

2.4. Method of measurement of gas production

The gas holder was calibrated with the aid of a rule marked 7 in
Fig. 1, to enable the reading of the daily gas production from the
Fig. 1. Schematic sketch of the reactor with gas holder.
substrates digested. The volume of biogas produced was measured
each day at 4pm by computing the volume of the gas holder
floating over water level in the water jacket.

The base area of the gas holder is expressed by Equation (2)

A ¼ pd2

4
¼ p� 0:252

4
¼ 0:0491 m2 (2)

The height of cylinder above water level was read off on the rule
attached to the gas holder for calibration.

Let this height (h) ¼ X, which varies.
Volume of biogas (V) was obtained as the volume of cylinder

above water level as shown in Equation (3).

V ¼
�
pd2

4

�
h (3)

where h ¼ X; substituting for A in Equation (3)

V ¼ 0:0491X m3

3. Results

The quantities of biogas produced from chicken droppings
(reactor A), co-digestion of chicken droppings and C. citratus
(lemon grass) (reactor B), and C. citratus alone (reactor C) over a
period of 30 days at an average ambient temperature of 33.1 � 2 �C
are as presented in Fig. 2. It was observed that biogas production
started in the three reactors on the second day after loading. Pro-
duction of biogas in the three reactors increased gradually before it
peaked on the 15th day for reactor B and on the 16th day for re-
actors A and C. Biogas production thereafter, dropped progressively
in the three reactors. This progressive drop could be associated
with the continuous decrease in substrate concentration in the
reactors as a result of microbial degradation of the substrate to
produce biogas. This is a typical situation with batch anaerobic
digestion processes which are usually substrate limited. A total of
321 L (1.8 L/kg/day) of biogas was produced from chicken drop-
pings. Co-digestion of chicken droppings and C. citratus (lemon
grass) produced 236 L (1.3 L/kg/day) of biogas while digestion of
lemon grass alone produced 170 L (1.0 L/kg/day).

Fig. 3 shows the plot of cumulative biogas production against
retention time for the three reactors. The results suggest that
reactor A yielded higher total volume of biogas (321 L) than reactor
Fig. 2. Daily gas production for reactors AeC.



Table 2
Biogas yield from chicken droppings and its co-digestion with Cymbopogon citratus (lemon grass).

Substrate Total volume of biogas
produced (m3)

Average biogas yield
per day (m3/day)

Average yield of biogas
per kg of slurry (m3/kg)

Average daily yield of biogas
per kg of slurry (m3/kg/day)

Reactor A 0.321 0.011 0.054 0.002
Reactor B 0.236 0.008 0.039 0.001
Reactor C 0.170 0.006 0.028 0.001
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B (236 L) and reactor C (170 L). Also from Fig. 2, the maximum daily
biogas productions for reactors AeC were 33.89 L, 25.31 L and
9.08 L respectively.

Table 2 shows the total biogas produced, biogas yield per day,
biogas yield per kg of slurry as well as the daily biogas yield per kg
of slurry for each reactor. Table 2 further reveals that reactor A
(chicken droppings only) had higher biogas yield per day producing
10.7 L/day than B (chicken droppings þ C. citratus) 7.9 L/day and C
(C. citratus alone) 6.0 L/day. The biogas yield per kg of slurry for
reactors AeC was 53.5 L/kg, 39.3 L/kg and 28 L/kg respectively.
Again, reactor A produced 1.78 L/kg/day while B and C produced
1.3 L/kg/day and 1.0 L/kg/day respectively. Water and lime scrub-
bing were carried out on the produced gases from the three re-
actors to remove carbon dioxide and hydrogen sulphide impurities.

Therewas a reasonable drop in total volume of gas from reactors
AeC after scrubbing (Fig. 4), with reactor A having the greatest
drop. This implies that biogas from reactor A had more impurities
than biogas from reactors B and C. Furthermore, the results of the
cooking test conducted using the gases produced from the three
reactors before and after scrubbing shows that reactor C (lemon
grass alone) had the highest cooking rate (0.079 L/min and 0.12 L/
min), followed by reactor B (0.067 L/min and 0.091 L/min) and
lastly reactor A (0.060 L/min and 0.079 L/min) as shown in Fig. 5.
4. Discussion

In the early stage of digestion, pH values of the media in all the
substrates digested were slightly acidic. It however, gradually
increased until it remained buffered around 7.5e8.0 when gas
production was stabilized in all the reactors. In other words, the
feedstocks showed a general increase in pH with minimal fluctu-
ation (Fig. 6). The mean digestion pH values � standard deviation
for reactors AeC were 7.80 � 0.59, 7.71 � 0.74 and 7.38 � 0.74
respectively. These mean pH values are within the suitable range
for efficient anaerobic digestion [23]. The highest pH value of 9.0
was obtained in reactor B on the 14th day of digestion. Reactor C
Fig. 3. Cumulative biogas production from reactors A and B.
(without chicken droppings content) had the least average pH
value in the process. The average ambient temperature of anaerobic
digestion in the reactors was 33.1 � 2 �C.

Reactor A with no lemon grass as part of its substrate produced
the highest volume of biogas but had the least amount of methane
following the GC analysis and cooking rate tests. It was followed by
reactor B with 50% amount of lemon grass as co-substrate. Reactor
C with 100% lemon grass as substrate had the minimum quantity of
biogas but the highest amount of methane (71.95%). This suggests
that substrates of plant origin with low biodegradability may have
the potential of producing higher quality biogas. The higher and
faster biogas generation in reactor A could be attributed to the
faster rate of decomposition of animal intestinal wastes which have
already undergone a form of digestion in the digestive system of
the chickens hence, hydrolysis may not have been the rate limiting
step in reactor A.

The action of bacteria on this category of waste was fast relative
to the lemon grass that had much lignin content. The higher biogas
production from chicken droppings could also be attributed to the
available nutrient in the droppings, organic matter and high mi-
crobial biomass unlike lemon grass [26]. This is in accordance with
Fig. 4. Volume of biogas from reactors A and B before and after scrubbing.

Fig. 5. Comparative biogas cooking rates before and after scrubbing.



Fig. 6. Variation in pH with anaerobic digestion time.
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the report of Ojolo et al. [27] that substrates should contain
adequate amount of carbon, oxygen, hydrogen, nitrogen, sulfur,
phosphorous, potassium, calcium, magnesium and a number of
trace elements for a better biodegradability. Lemon grass was re-
ported to have 11% permanganate lignin and 58% holocellulose
fraction [28], indicating that hydrolysis could have been the rate
limiting step for lemon grass digestion and could have contributed
to the slower and lower biogas production in reactors B and C.
However, digestion above the retention period of 30 days utilized in
this study could result in higher biogas yield for reactors B and C as
the total solids (TS) content of the effluents was relatively higher
than the TS content of effluent from reactor A. Extensive chemical
or enzymatic pretreatment is recommended for the anaerobic
digestion of lemon grass. Total biogas production obtained in this
work is 321 L for reactor A, 236 L for reactor B and 170 L for reactor
C. These results are in agreement with the results in Rulz et al. [28].

The initial slow rate of gas production and subsequent peak in
the 15th day for reactor A, and in the 16th day for reactors B and C
respectively could be attributed to the time taken for bacteria
adaptation to the complex biomass [23].

Themethane content of biogas produced from the three reactors
generally increased with time of digestion. This could be attributed
to the accumulation of intermediates in the early stage of digestion
that could have inhibited methanogenic bacteria. Similar observa-
tion was reported by El-Mashad and Zhang [29]. The lowest
methane content of 15% was obtained in reactor A, after the first 4
days of digestion. The highest methane content of about 76% was
obtained in reactor C at retention time of 30 days. Reactor B had its
lowest methane content (18%) and highest methane content (72%)
Table 3
Results of present study versus previous studies.

S/N Substrate Average Biogas/methane y

1 Field grass þ Poultry dropping 5.07 L/kg: biogas
2a Unscreened dairy manure 241 L/kg VS: biogas
2b Cornstalk 217.60 L/kg Ts added: met
3 Vermicompost þ Cornstalk 410.03 L/kg Ts added: met
4 Solid waste from potato processing 0.65 � 10�4 L/kg: methane
7 Enzyme pretreated sugar beet pulp 6.11 L/kg: biogas
8 Enzyme pretreated spent hop 4.05 L/kg: biogas
9 Poultry manure þ municipal sewage sludge 384 L/kg VS: biogas
10 Food waste þ human excreta 56.5 L/kg: biogas
11a Chicken dropping 54 L/kg (biogas); 33.3 L/kg
11b Chicken dropping þ Cymbopogon citratus 39 L/kg/(biogas); 25.8 L/kg
11c Cymbopogon citratus 28 L/kg/(biogas); 21.6 L/kg
in the 3rd and 30th day of digestion. The averagemethane contents
and standard deviations for reactors AeC after 30 days retention
period were 45.71 � 10.2%, 66.20 � 9.8% and 71.95 � 15.3%
respectively. It was observed from this study that the average
methane content of biogas from chicken droppings increased from
45.71% to 66.20% when it was co-digested with C. citratus (lemon
grass) which indicates a significant improvement in gas quality. The
average methane content of reactor C was 71.95%. This value is
higher than most values reported in literature for many energy
plants indicating that lemon grass could be a good co-substrate to
high yield substrates of animal origin for the achievement of high
quality biogas needed for the economic viability of industrial
anaerobic plants.

The higher cooking rates observed in reactors B and C before and
after scrubbing as shown in Fig. 5 could be attributed to their higher
methane content. The cooking rates of gases from reactors AeC
improved by 31.71%, 45.8% and 51.9% respectively after the gases
were scrubbed using water and slaked lime. The main limitation of
using chicken manure for renewable energy generation (biogas)
despite its relatively high yield of biogas is that it produces a high
proportion of hydrogen sulphide and other impurities as well.
Hydrogen sulphide even when present in small proportions cor-
rodes metal fittings while carbon dioxide reduces the heating value
of biogas. Co-digesting chicken droppings with C. citratus could
help in reducing these impurities significantly. Detailed compari-
son of the result of this work with the works of previous authors
was difficult because works on co-digestion of animal manure with
C. citratus in literature is either scanty or non-existent. However, a
loose comparison of the results of this study with that of previous
authors [30e34] is shown in Table 3.

From Table 3, biogas yield from reactor C is relatively higher
than the yield of some reported co-digestion experiments in
literature.

5. Conclusion

Though chicken droppings digested alone produced more vol-
ume of biogas thanwhen it was co-digested with C. citratus (lemon
grass), methane content was however higher in the co-digestion
regime with C. citratus. Quality of biogas from chicken droppings
can be improved by anaerobic co-digestion with C. citratus (lemon
grass). Biogas from themono digestion of C. citratus in reactor C had
both the highest methane content and cooking rate. This study
could not establish if longer retention period for the co-digestion
would increase the biogas yield although it is inferred that it
would allow for proper decomposition of the lemon grass and
consequently higher biogas yield. Co-digestion of animal waste
with some energy plants could contribute to improving the quality
of biogas in industrial anaerobic plants thereby improving on the
economics of the process.
ield Type of Reactor Scale of Reactor Author(s)/References

Anaerobic Pilot Scale [19]
Anaerobic Pilot Scale [22]

hane Anaerobic Pilot Scale [29]
hane Anaerobic Pilot Scale [29]

Anaerobic Pilot Scale [30]
Anaerobic Pilot Scale [31]
Anaerobic Pilot Scale [31]
Anaerobic Pilot Scale [32]
Anaerobic Pilot Scale [33]

(methane) Anaerobic Pilot Scale Present study
(methane) Anaerobic Pilot Scale Present study
/(methane) Anaerobic Pilot Scale Present study
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