
Introduction

Energy shortfall and municipal solid waste (MSW) 
management are two key challenges that human kind 
is facing in the time being. Therefore, an integrated 
approach is essential to deal with the high pressure on 
fossil fuel as a primary source of energy and to mitigate 
the problem of waste disposal. Renewable energy 
recovery from organic biomass has gained recently 
much attention as it offers a sustainable combined 

solution for both the high demand on fossil fuels 
and for the urgent need to the best practices in waste 
management [1]. Various processes and setups were 
proposed in literature to convert biomass into energy. 
Anaerobic digestion (AD) has been currently promoted 
as a way to stabilize and process the several types of 
biomass and waste residues for the production of biogas 
as an alternative of conventional energy sources [2-3]. 
However, the performance of AD in terms of energy 
revenues varies significantly based on the feedstock 
used. It has been reported that some organic substrates 
do not produce large biogas volumes when they are 
digested solely which makes the AD economically 
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unfavorable [4]. The main reason of the weak biogas 
productivity in the case of mono-digestion has been 
attributed to the substrate low biodegradability or the 
imbalanced nutrients (C/N ratio) or the accumulation 
of inhibitors/toxic compounds [5]. To improve the 
biogas potential, different AD modified systems have 
been explored. Namely, co-digestion, which consists 
of combining various substrates to be, digested 
simultaneously [6-7]. The selection of co-substrates 
in co-digestion should be made carefully to obtain 
a synergetic effect by balancing the nutrients or by 
minimizing the risk of inhibition that can be achieved 
by mixing appropriate ratios of substrates [8].

Nowadays, animal manure is among the solid 
waste that needs special attention. The increase in 
livestock production worldwide led to an accumulation 
of solid animal manure and the use of manure for land 
applications was not a solution as it resulted in soil and 
water pollution [9]. Thus, the concern for management 
of livestock wastes coupled with the demand for clean 
energy has revived an interest in generating methane 
from livestock manures. AD is considered as a potential 
way to stabilize animal manure prior to its use as 
soil amendment and to produce energy concurrently. 
However, due to inherent carbon deficiency in 
animal manure (low C/N ratio), a second substrate 
is recommended to increase the AD performance 
and the energy revenues in the form of biogas. Many 
studies indicated that a proper C/N ratio for anaerobic 
digestion is between 20-35 [10]. From a nutrient balance 
standpoint, although algal biomass can be converted 
to energy it does not seem a compatible co-substrate 
as it is also characterized by a low C/N ratio (<10) 
[11]. Nonetheless, limited researches reported the 
stabilization of animal manure and the enhancement 
of biogas potential using raw algae as a co-substrate 
[12-13]. Ramos-Suárez and Carreras (2014) [14] 
observed that improving AD performance is not 
always linked to the C/N ratio of the mixture when 
using algae as co-substrate. In other words, the 
balance of the low C/N ratio of algae by a carbon rich 
substrate would not always lead to a positive synergetic 
effect. [15] mentioned that animal manure and algae 
co digestion is feasible when adding a carbon rich 
substrate. As an example, the results of [12] showed that  

co-digestion of blue algae with swine manure produced 
212.7 mL CH4/g VS versus 73.5 mL CH4/g VS when 
blue algae was digested with sludge. [8] showed in 
his experiments that the co-digestion of raw algae 
with animal manure increased the methane yield from  
163 to 245 mL CH4/g VS. In addition, Algae is 
characterized by lipids content and [16] mentioned that 
a source of lipids can expand the biogas yield by 30%. 

One particular opportunity, which is the aim of 
the current paper, is the biogas production from algal 
biomass and the cattle manure stabilization by co-
digestion. The co-digestion of cattle manure and raw 
algae was investigated in the current work at different 
substrate ratios. The kinetics of methane production 
were evaluated according to Gompertz model. The 
substrate ratios were optimized by the Response Surface 
Methodology (RSM) to enhance the methane potential. 
Moreover, the effect of adding activated sludge as 
carbon source and tap water as diluent was explored. 

 
Materials and Methods

Feedstock and Inoculum 

The algal biomass (A) used in the current study is a 
growing green algal bloom (Chlorophyta) collected fresh 
from a dam located in Wadi Kafrein (Jordan) during 
early to mid-summer. The collected algae samples were 
kept at 4ºC in water from the same pond for further use. 
Cattle manure (CM), which was mainly fresh cattle stool 
with urine and some straw collected from a commercial 
semi-intensive farm (Abu Al-Nadi farm located in 
Zarqa-Jordan). The manure was transferred fresh and 
directly stored at 4ºC. The activated sludge was used 
as a carbon source substrate and it was obtained from 
a secondary thickener in a local wastewater treatment 
plant at the German Jordanian University in Jordan. 
The properties of algae, cattle manure, and activated 
sludge are summarized in Table 1. The mixture of cattle 
manure and algae was predigested for around 20 day 
and the the digestate was collected from the anaerobic 
reactor and it was employed as inoculum during the 
anaerobic co-digestion. 

Table 1. Characteristics of feedstock for batch anaerobic digestion. 

Parameter Cattle manure Algae Activated sludge

Total solids, TS (g/kg) 347.5±3.6 65.7±2.4 23 

Volatile Solids, VS (g/kg) 19.1±0.4 2.3±0.8 -

COD, (mg O2/kg) 19300±0.5 16600±0.5 1200.72±15.32

TN (mg/L) 551 976 75.77±1.46

COD/N ratio 35 17 16

TP, (mg/L) 15 5.75 -

pH - - 7.2
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Batch Anaerobic Digestion Experiments

Batch AD mesophilic runs were carried out in a  
5 L glass reactor (Solteq, Model. TR26) equipped with  
a 200 W heating jacket with PID control and a 
temperature sensor positioned inside each reactor 
(Fig. 1). The feedstock was not mixed throughout 
the experiment. All AD assays were performed at 
37ºC and with a working volume of 4 L. The biogas 
produced during the AD experiments was collected in 
a (0-5) L gas vessel filled with water. The gas volume 
accumulated in the headspace vessel was measured by 
the acidified water displacement method and it was 
recorded on a daily basis until almost no further gas was 
produced (7 to 20 days). The gas volume was adjusted 
to standard temperature and pressure conditions (STP, 
0ºC and 1 atm). The methane content in the different 
batch tests was determined by collecting the headspace 
biogas into plastic bags with a volume of 500 mL and 
then measured by a Gas Analyzer (Geotech BIOGAS 
5000).

The cattle manure was co- digested with algae at 
three different substrate ratios based on the (w/w VS) 
presented in Table 2. The three different mixing ratios 
were prepared in this first batch in a way to keep the 
C/N ratio in the recommended optimal range. The 
CM/A mixing ratios studied were as follows: (70% 
CM:30% A, 50% CM:50% A, 30% CM:70% A) and 
determined based on the study of [7].

The second two batches of AD assays were 
conducted in order to optimize methane production. 
In the first one, activated sludge (AS) was selected to 
be co-digested with raw algae and cattle manure. The 
mixtures were prepared at the following (CM: A: AS) 
mixing ratios (52.5% CM:22.5% A: 25 % AS), (37.5% 
CM:37.5% A: 25% AS), and (22.5% CM: 52.5% A: 25% 
AS) keeping the CM:A ratios constant at the values 
mentioned in Table 2. Reference experiments were also 
prepared with the same mixing ratios however using 
tap water instead to keep the same working volume of 
4 L and an optimal initial C/N ratio. Unlike the batch 
supplemented with AS, the tap water would provide a 
dilution effect without altering the COD content of the 
mixture. The AD experiments carried out in this part 
are summarized in Table 3.  

Analytical Methods   

The substrates were characterized by measuring 
total solids (TS), (VS), (TN), and (TP) according  
to APHA Standard Methods 1998 [17]. COD was 
measured according to Standard Methods 1998 using 
Hach test kit mid and high range (0-1500 mg/L) and 
(0-15000 mg/L) respectively. The samples were first 
digested by a Hach digester (DRB 200-Germany) then 
the COD was measured using a Hach spectrophotometer 
(DR/2010-Germany). 

Fig. 1. Experimental setup of anaerobic co-digestion batch tests (1) Gas collection vessel (2) AD reactor (3) Control system.

Table 2. Batch digestion tests at different CM:A mixing ratios with no dilution liquid

Run CM:A ratio (based on VS) Working volume (L) C/N ratio Dilution liquid

1 70%:30% 4 27 No

2 50%:50% 4 23 No

3 30%:70% 4 20 No
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The Kinetics of Methane Production 

The kinetics of methane production were analyzed 
and simulated in the different batch experiments 
(showing methane production) using the modified 
Gompertz equation [18].

y = A exp{-exp ]1)([ +− t
A

em λµ
}           (1)

...where y is the volume of methane accumulated in 
(mL/g VS) after time t (day), t is the elapsed time (day) 
over the digestion period. A is the maximum volume of 
methane produced in (mL/g VS) after infinite digestion 
time. µm is the maximal biogas production rate (mL/g 
VS.d) while λ is the lag phase (day). A nonlinear least-
square (NLLS) regression procedure was followed in 
order to adjust the model parameters (A and µm) to the 
experimental data for each batch test using Excel solver. 

The parameters were used to compare the kinetics  
of the different co-digestion assays and to determine  
the influence of the substrate ratios on the biogas 
production.

Application of Design of Experiment (DOE) 
with RSM

Design-Expert statistical software (Version 
12) for regression was used to apply Response 
Surface Methodology (RSM) for the optimization of  
(CM: A: AS) mixing ratio in order to maximize the 
methane production. Along with the RSM, DOE was 
also applied to model and analyze the relationship 
between the response (methane production yield) 
and the design factors, which were CM%, A%, and 
AS%. The actual experimental design is summarized 
in Table 4. All process factors in the design has two 
levels, a maximum and minimum coded as +1 and -1 
respectively. 

Table 3. Batch digestion tests at different (CM: A: AS) mixing ratios with and without added carbon source keeping the working volume 
constant.

Table 4. DOE matrix for three factors with actual biogas production.

Activated Sludge AS

Run (CM: A: AS) based on VS ratio CM:A C/N Working substrates volume (L) AS volume added (L) TS%

4 52.5%:22.5%:25% 70%:30% 26.8 3 1 7

5 37.5%:37.5%:25% 50%:50% 23.6 3 1 5

6 22.5%:52.5%:25% 30%:70% 20.4 3 1 4

Tap Water TW

Run (CM: A: TW) CM:A C/N Working volume (L) Tap water volume added 
(L) TS%

7 52.5%:22.5%:25% 70%:30% 29 3 1 5

8 37.5%:37.5%:25% 50%:50% 25 3 1 4

9 22.5%:52.5%:25% 30%:70% 22 3 1 3

Factor A Factor B Factor C Response 1

Run CM% A% AS% Cumulative methane (mL/g VS)

1 70 30 0 293.6

2 50 50 0 57.7

3 30 70 0 0

4 52.5 22.5 25 4.1

5 37.5 37.5 25 2.9

6 22.5 52.5 25 0

7 52.5 22.5 0 (tap water) 97.1

8 37.5 37.5 0 (tap water) 20.9

9 22.5 52.5 (tap water) 9.3
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Results and Discussion 

Effect of Cattle Manure (CM) to Algae (A) 
Mixing Ratio on Methane Production with 

no Dilution of the Feedstock   

This part investigates the effect of mixing ratios of 
cattle manure and algae on methane production. Prior 
to effect analysis, it is worth to mention that the COD 
values measured for raw cattle manure and algae are 
largely similar to the reported values by [7].

Fig. 2a) displays the cumulative methane yield 
produced during the batch co-digestion of cattle manure 
and algae at different mixing ratios.  It can be seen 
that methane production reached stable levels after 
15 days. In addition, one key observation is that the 
introduction of algae in the feedstock with increasing 
percentage led to a decrease in the cumulative methane 
yield. The cumulative methane yield dropped from  
(294 mL/g VS) to (0 mL/g VS) when the A% increased 
from 30% to 70%. This maximum methane yield 
exceeds marginally the reported value (210 mL/g VS) 
by [12]. Moreover, the anaerobic degradation of cattle 
manure resulted in producing 390 mL of methane/g 
VS. The inhibition that occurred when adding algae 

was also observed in the removal of COD (Fig. 2b) 
which was 97% for 30% of algae in the substrate and 
dropped to 3% for 70% of algae. This can be attributed 
to the structure of algal wall, which is hardly degraded 
under anaerobic conditions. The previous results are in 
agreement with the findings of [7] and [8] who reported 
that the cellulose or hemicellulose structure of the algal 
cell wall, which is difficult to degrade under anaerobic 
conditions, mostly likely inhibited biogas production. 
The decrease on methane production is related with 
the low concentration of biodegradable substrates. If 
algae were added at high percentages this would result 
in diluting the possible biodegradable substrates on the 
mixture. 

Effect of Cattle Manure (CM) to Algae (A) 
Mixing Ratio on Methane Production Using 

Activated Sludge (AS) as Co-Substrate  

The cumulative methane produced from the co-
digestion of cattle manure, algae and activated sludge 
under different CM/A mixing ratios (runs 4, 5, and 6) as 
a function of time is shown in Fig. 3a). The cumulative 
methane yield showed a similar trend at different 
CM/A mixing ratios as the co-digestion cattle manure 

Fig. 2. Cumulative methane yield a) and COD removal b) for 
anaerobic digestion of cattle manure and algae at different 
mixing ratios.

Fig. 3. Cumulative methane yield a) and COD removal b) for 
anaerobic digestion of cattle manure and algae at different 
mixing ratios with activated sludge as co-substrate (25% based 
on VS ratio).
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and algae with no added carbon source. It can be seen 
that increasing the Algae percentage from 30% to  
70% decreased the biogas yield from (4 mL/g VS) to 
(0 mL/g VS) respectively. However, digestion of cattle 
manure/algae supplemented with activated sludge 
showed dramatically less effective methane cumulative 
yield. The methane production was almost inhibited. 
These observations consisted with the experimental 
results reported by [12] where higher cumulative CH4 
yield was obtained when algae was co-digested with 
manure than with granular sludge. In addition, [19] 
reported similar results where co-digestion of cattle 
manure and sewage sludge resulted in minimal methane 
yield not exceeding 8.75 mL/g VS. A reasonable 
justification could the dilution of the inoculum by adding 
AS (mainly aerobic or facultative microorganisms). 
Further investigation shown in Fig. 3b) declared that co 
digestion of algae and manure with sludge (runs 4, 5, 
and 6) had dramatically lower COD removal percentage 
than co digestion of algae and manure with no addition 
of AS. (runs 1, 2, and 3). The COD removal obtained at 

mixing ratio 70% CM:30% A was 23% and 1% for 30% 
CM:70% A. One probable reason for the later finding 
is that the synergy in degradation of cattle manure and 
raw algae is more noticeable at low Algae content.       

To understand the adverse impact of activated 
sludge, the pH, and N-NH3 as potential inhibiting 
factors were measured at the beginning and at the end 
of the digestion experiment with AS as co substrate 
as illustrated in Fig. 4a). The final values of N-NH3 
of the AD trials at different CM/A mixing ratios were 
30, 36.5, and 49.5 mg/L for 70% CM:30% A, 50% 
CM:50% A, and 30% CM:70% A respectively. All the 
later N-NH3 values are below the methanogenic toxicity 
interval of 80-100 mg/L [20-21]. This can be justified 
by the inferior hydrolysis and methanogenesis efficiency 
of the microorganisms from cattle manure when mixed 
with sludge. In Fig. 4b) the pH was fluctuating from 
6.6 to 7.8 during the co-digestion of cattle manure 
and algae with activated sludge as co-substrate. The 
pH values at all mixing ratios were maintained at the 
optimal pH range. In other words, the pH was not an 
inhibition factor for methane production in the case of 
using sludge as co-substrate.    

Fig. 4. N-NH3 a) pH b) changes at the beginning and at the end 
of anaerobic digestion of cattle manure and algae at different 
mixing ratios with activated sludge as co-substrate (25% based 
on VS ratio).

Fig. 5. Cumulative methane yield a) and COD reduction b) 
for anaerobic digestion of cattle manure and algae at different 
mixing ratios and diluted with tap water.
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Effect of Cattle Manure (CM) to Algae (A) 
Mixing Ratio on Methane Production Using 

Tap Water (TW) as Diluent  

Several batch assays in this part were prepared 
with the same CM: A mixing ratios 70% CM:30% A, 
50% CM:50% A, and 30% CM:70% A and diluted 
with tap water (runs 7, 8, and 9). Fig. 5a) shows the 
cumulative biogas yield under different ratios of CM 
to Algae diluted with tap water to probably stimulate 
methane production. It can be seen that the biogas 
yield showed the same trend as in the co-digestion of 
CM and A with no dilution, where it increased with 
increasing the CM% in the mixture. However, the 
dilution had no positive effect on the biogas yield. 
The maximum methane yield achieved was 97 mL/g 
VS with 70% CM:30% A and TS of 5% with dilution 
where it was 294 mL/g VS with no dilution (Fig. 2a). 
It is also noticed that the methane yield has increased 
with increasing the TS%. However, the lower TS 
content of those assays also implies a dilution of the 
biodegradable substrates. These results also suggest 
that no inhibitory levels were reached with the TS 
percentages and CM/A ratios tested [22] in this 
part. The COD removal results (Fig. 5 b) are in 
accordance with the biogas yield where the maximum 
removal was 50% obtained at 70% CM: 30% A and  
a TS of 5%.    

The Kinetics of Methane Production

In order to investigate the methane production 
thoroughly, the experimental data collected from the 
cumulative methane production were fitted to the 

modified Gompertz model. The regression results  
(A, µm, and λ) are summarized in Table 5. The A values 
predicted from the Gompertz modified model are 
slightly higher than the experimental values. However, 
the results confirm the later observations in which the 
methane yield increases with increasing the CM% in 
the feedstock. The maximum methane yield (332 mL/g 
VS) was obtained for CM%:A%:AS% mixing ratio of 
70:30:0. Similarly, The µm values were lower when AS 
was added to the same mixing ratios. For example, µm 
went down from 32.4 mL/g VS. in run 8 to 20.6 mL/g 
VS.d. in run 5. In other words an CM%:A%:AS% 
mixing ratio of 37.5:37.5:0 was the most efficient to 
accelerate the biogas production rate. Interestingly, 
the experiment with the highest methane exhibited the 
longest lag phase time. The λ ranged from 0 to 3.2 days 
with the longest lag phase time (3.2 d) at 70:30:0 and 
the shortest (0 d) at 37.5:37.5:0. Usually this lag phase 
is related with the initial hydrolytic phase of anaerobic 
digestion. As it can be noticed from Table 5, the longest 
lag phases are 3.2 and 3 days for the runs 1 and 2, which 
are characterized by undiluted and high percentage of 
cattle manure mixtures.  

Optimization of Methane Production from 
Co-Digestion of Cattle Manure and Algae 

with and Without Activated Sludge: 
Effect of CM%:A% Ratio 

This section is to investigate the effect of 
CM%:A%:AS% on the ultimate methane yield as well. 
Based on the 9 runs of the DOE (Table 4), the following 
coded polynomial equation is obtained.

Methane yield (mL/g VS) = 37.5+428.89 x (CM%) + 
61.69 x (A%) (+ 172.07 (CM%) x (A%) + 580.83 (CM%)2 

Table 5. Summaries of estimated parameters from the Gompertz modified equation for the co-digestion of cattle manure and algae with 
and without adding activated sludge. 

Mixing ratio Model parameters 

Run number as in DOE matrix CM%:A%:AS A 
(mL methane/g VS)

µm
(mL/g VS.d)

λ
(days)

1 70:30:0 332 24 3.2

7 52.5:22.5:0 106.1 24.6 2

2 50:50:0 58.5 7.8 3

8 37.5:37.5:0 20 32.4 0

9 22.5:52.5:0 10 20.7 1.2

4 52.5:22.5:25 4.1 20.6 2.2

5 37.5:37.5:25 2.9 20.6 2.3

Response F-value R2 p-value Adequate precision (Ratio>4)

Methane Yield (mL/g VS) 12.34 0.9250 0.016 10.63

Table 6. Statistics used to test the adequacy of the reduced models.  
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The results of the statistical analysis for the methane 
yield response are shown in Table 6. The quadratic 
regression shows that the model was significant as 
evident from the F-value, p-value and the correlation 
coefficient R2 checked by ANOVA at the 95% 
confidence level. In addition, “Adeq Precision” should 
exceed a ratio of 4 for the model to be statistically 
significant. The “Adeq Precision” value for the reduced 
model is 10.63.         

The 3D surface plot (Fig. 6) demonstrates the 
optimal design factors (CM% and A%) that can be 
calculated by solving the polynomial equation. Fig. 6 
depicts the effect of CM% and the A% on the ultimate 
methane yield. It can be concluded from the figure that 
the optimum methane yield is not within the designated 
boundaries. However, the maximum methane yield 
within the investigated range (399 mL/g VS) was 
observed at 70% CM:30%A:0%AS. The optimum  
value of CM% supports the fact that low methane 
yields were recorded at high A% due to the structure 
of algal wall, which is hardly degraded under anaerobic 
conditions.

         
Conclusion

Co-digestion of cattle manure and raw algae 
without dilution or AS addition resulted in an ultimate 
methane yield of 294 mL/g VS. However, mixing the 
feedstock with activated sludge dropped the methane 
production markedly to 4 mL/g VS at the optimal 
CM:A ratio. The results of pH and free ammonia 
demonstrated no inhibitory effects. Finally, the dilution 
of the feedstock using tap water lowered the optimal 
methane yield from 294 mL/g VS (70% CM:30%A) 
to 97 mL/g VS.   
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