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Abstract 

Hydrogen is a clean energy carrier which has a great potential to be an alternative fuel. Abundant biomass from 

various industries could be a source for bio-hydrogen production where combination of waste treatment and energy 

production would be an advantage. Nowadays, the large amounts of livestock manure, which come from cattle feedlots, 

poultry, and swine buildings, are causing a major environmental issue because it has become a primary source of odours, 

gases, dust, and groundwater contamination. It is well known that anaerobic digestion had successfully been used for the 

disposal of manures to produce methane in the last two decades. Recently, an alternative strategy has been developed to 

convert livestock manures (e.g. dairy manures) to bio-hydrogen as a high value-added clean energy source instead of 

methane. The focus of this study was investigating the performance and optimal operating conditions of bio-hydrogen 

production from dairy manure feedstock by dairy manure compost and evaluating its feasibility for bio-hydrogen production. 

The results indicated that it was feasible to produce hydrogen from dairy manure by methanogenesis inhibited dark 

fermentation. 
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Introduction 

Global energy demand is projected to grow by 50% from 

present, by the year 2030 (IEA, 2007). Fossil fuels are 

used to meet our daily energy demands. This contributes 

to resource depletion, and environmental, and public 

health problems (climate change, acid rain, ground level 

ozone, inhalable particles). Atmospheric carbon di oxide 

concentrations (379 ppm in 2005) have increased by 

almost 100 ppm compared to its pre-industrial level 

(Rogner et al., 2007). Global warming is evident based 

on the observations about the increased global average 

air and ocean temperatures, rising global average sea 

level, and widespread melting of snow and ice (IPCC, 

2007). Strikingly, eleven of the last twelve years (1995-

2006) rank among the twelve warmest years recorded 

since 1850. According to Intergovernmental Panel on 

Climate Change (IPCC) there is a very high confidence 

that human activities have contributed to the climate 

warming. Global average surface temperatures have 

raised 0.74°C over the past 100 years, and depending on 

the emission scenarios, expected to increase from 1.8 to 

4°C, by the end of the 21st century (IPCC, 2007). The 

temperature increase is widespread over the globe, and is 

greater at higher northern latitudes. The global warming 

is projected to result in serious impacts on ecosystems, 

food production, water resources, human health and the 

economics (IPCC, 2007). Contrasting or additional 

theories to anthropogenic greenhouse gas emissions on 

global warming include increased solar activity (Rind, 

2002; Solanki et al., 2004) and cosmic rays (Svensmark, 

1998; Svensmark and Friis-Christensen, 2007). 

Hydrogen is a secondary energy produced 

from primary energy sources, and therefore, considered 

as energy carrier, like electricity or gasoline, to transport 

energy to users (Koroneos et al., 2004; Busby, 2005). 

Unlike electricity, hydrogen can be stored. Hydrogen is 

the most abundant element on the Earth. Hydrogen has 

the highest energy content per mass unit of all 

compounds, about three times higher than that of liquid 

hydrocarbons (Schlapbach and Züttel, 2001). The 

sources of hydrogen are versatile (biomass, organic 

wastes, water, fossil fuels) and globally distributed. In 
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fuel cells (fcs), hydrogen can be converted to electricity 

efficiently and without air emissions (Schlapbach and 

Züttel, 2001; Dincer, 2002). The potential uses of 

hydrogen are many: as a fuel in traffic (vehicles, busses, 

airplanes etc.), as in stationary applications for 

generation of electric power and heat and in portable 

applications in electronic equipment.  

Hydrogen can be produced from a variety of 

feedstock including fossil fuels, biomass and water. 

Even though hydrogen conversion to energy in fcs is 

emission less, the sustainability of hydrogen energy 

depends on the production method. Presently, hydrogen 

is produced mainly from fossil fuels, which is not 

sustainable (Turner, 2004). Microbial fermentations 

offer an attractive alternative to produce sustainable 

energy. Fermentations can use various kinds of biomass 

or organic waste to produce energy carriers such as 

ethanol, butanol, methane or hydrogen (Claassen et al., 

1999; Antoni    et al., 2007). However, little information 

is available on the bio-hydrogen production using dairy 

manures as feedstock via the mixed anaerobic microbe. 

As far as we know, the hydrogen production is habitually 

accompanied with production of volatile fatty acids 

(vfas), such as acetate, butyrate, and propionate, which 

are also an optimal feedstock for production of methane 

by anaerobic digestion. Provided that the bio-hydrogen 

production from dairy manure is further combined with 

the anaerobic digestion of the effluent from the 

producing hydrogen reactor that would be a one-stone 

two-bird paradigm, it not only produces a clean and 

readily usable biologic energy but also cleans up 

simultaneously the environment in a sustainable fashion. 

For the above reasons, the focus of this study was 

investigating the performance and optimal operating 

conditions of bio-hydrogen production from dairy 

manure feedstock by dairy manure compost and 

evaluating its feasibility for bio-hydrogen production.  

Results and discussion 

Stabilization of the seed reactor: Gas production 

The amount of gas collected from the seed 

reactor was measured using water displacement method. 

Gas production was measured 4 times every day, 0, 3, 6 

and 24 hrs, respectively. The various time intervals were 

chosen to investigate the variation in gas production with 

room temperature fluctuations and kinetics after feeding 

and the total gas production for every cycle of feeding is 

calculated. The gas production data collected over a 

period of 60 days (29/09/2010 – 27/11/2010) was found 

to be consistent every day. Fig.1 shows the variation of 

daily average gas production over the course of 

experiment (29/09/2010 – 27/11/2010). The mean daily 

gas production is about 5.236 Litres. 

             Fig. 1. Mean daily gas production rate 

COD Mass balance 

A theoretical amount of gas produced can be arrived by 

the approximate analysis of COD and TVS of the reactor. 

A volume of 0.382 litre of methane at 25 C and I atm is 

equivalent to I g COD assuming digester gas contains 

60% methane. 

Table 1 gives the Gas / COD ratio (ratio of gas volume 

measured to the gas equivalent to the COD reduction) is 

found as 0.90, which shows the stabilization of the 

reactor.  

Volatile Fatty Acid (VFA) concentration 

 Maintenance of VFA under limit is also an 

important factor of steady state of the reactor. VFA 

concentration was measured by taking samples from 

reactor every Monday and Friday. 

It was evident from figure 2 that the VFA 

concentration was maintained well below the limit of 

digester instability, 250 mg/L (Speece, 1983). In this 

study, the pH was 6.9±0.5 throughout. Moreover, 

effluent alkalinity was about 50% higher than influent 

alkalinity, a further indication that the digestion was 

stable and that there were no incipient pH problems. 
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Table 1. Substrate degradation and COD mass balance 

 

   *Numbers in parentheses are standard deviations. In brackets are the numbers of observations

     Fig. 2. VFA Concentration profile in the reactor 

  

  

Hence, the reactor was stabilized under a steady state 

with  

 Mean gas production, 5.2360 L/day,  

 Mean COD removal efficiency, 39.33%, 

 Gas/COD ratio, 0.90, 

 VFA concentration, 85.02 mg/L 

 pH, 6.9±0.5 

Having established that the digestion process is 

reproducible and stable, further batch experiments to 

investigate bio-hydrogen production and the 

methanogenesis inhibition were performed. 

Batch experiments: Gas concentration 

The gaseous content of each trial in batch experiment is 

analysed using gas chromatography and the 

concentration of hydrogen and methane was observed to 

study the methanogenesis inhibition. The following 

figure 3 shows the methanogenesis inhibition of various  

 

trials by comparison with a control of that trial without 

adding the inhibitor (CCl4). From the Fig, it was 

observed that the methanogenesis was inhibited in all the 

trials except for trial no 7 (pH 7, Substrate concentration 

[S] 70 gVs/L, Inhibitor concentration [I] 0.2 mM), which 

was due to the low concentration of inhibitor added. 

Hence, the inhibition is due to the addition of CCl4 only 

since methane is found in high concentration in the 

controls. 

Figure 3. Study of methanogenesis inhibition of each 

trial of the batch experiments 

 

Kinetics of hydrogen production 

The cumulative hydrogen production curves 

were generated for each trial by fitting the trial data to 

the Gompertz model using SystatTM 8.0 and the 

parameters of interest (Rm, Hmax, and l) were 

calculated. The cumulative hydrogen production data for 

trial one (pH 7, [S] 60 gVS/L, [I] 0.6 mM) is shown in 

Table 2. 

 

 

 

 

 

TVS (g/L) 

 

TVS 

reduction 

% 

 

 

COD (g/L) 

 

COD 

reduction 

% 

Gas 

equivalent 

to COD 

reduction 

(Litre) 

 

Actual gas 

production 

(Litre) 

 

Gas / COD 

ratio 

Influent 34.4 (1.7)[28]*  38.9 (2.2) [19]     

Effluent 22.9 (0.4) [28] 33.43 23.6 (1.3) [19] 39.33 5.8446 
5.2360 

(0.22) [60] 
0.8996 
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    Table 2. Kinetics of hydrogen production for trial 1 

 

Time (t) hrs. Cumulative hydrogen production 

(H) (mL/g VS) 

0 0 

6 0 

12 1.525 

18 4.578 

24 7.475 

30 9.605 

36 11.524 

42 12.975 

48 13.045 

54 13.045 

 

Fitting data to modified gompertz equation: 

Where, 

H  – Cumulative Hydrogen Production (mL/gVS) 

 – Hydrogen Production Potential (mL/gVS) 

  – Maximum Hydrogen Production Rate 

(mL/hr.gVS) 

  – Lag Time  

 

Fig. 4. Plot of the modified gompertz model for trial 1 

 

 

                        

 

 

 

 

 

 

 

 

 

It can be seen from the figure 4 that all data fit the model 

well (R2 = 0.997) and the variation between the replicates 

was small. Similarly the data for the cumulative 

hydrogen production data for the other trials were also 

fitted to the model and the results were shown in the 

table 3. In general, all the experiments showed good 

reproducibility. 

 

Table 3. Kinetic co-efficients of modified Gompertz 

model (T-Trial; A-Substrate concentration (gVS/L); B-

Inhibitor concentration (mM)) 

 

 

Optimizing key parameters for hydrogen production 

The optimum levels of the three key factors 

(Substrate concentration, initial pH and inhibitor 

concentration) were further explored by CCD. Yields of 

Hydrogen were obtained with the design matrix of the 

three- variables, representing different fermentative 

conditions (15 runs) (Table 4).  

By applying multiple regression analysis, the 

following second-order polynomial equation was 

established to explain the hydrogen yield, 

 Cumulative hydrogen production = 12.41  - 0.3 (X1)    

- 1.2 (X2 )+2.34 (X3) + 0.17 (X1X2)  -0.26 (X1X3) + 

 0.059(X2X3) – 2.79 (X1)
2 - 0.11(X2)

2 – 1.59(X3)
2 

The predicted values of hydrogen yield were 

obtained using the above equation. Analysis of variance 

(ANOVA) was conducted to test the significance of the 

fit to the second-order polynomial equation for the 

experimental data (Table 5).  

T pH A B  

Kinetic Coefficients 

R2 Hmax  Rm 

1 6 7 0.6 13.6 9.8 0.5 0.998 

2 8 8 0.4 5.4 18.9 0.2 0.993 

3 6 7 1 13.9 9.8 0.5 0.999 

4 8 6 0.8 12.2 9.6 0.4 0.998 

5 2 7 0.6 3.5 24.5 0.3 0.997 

6 4 8 0.4 3.8 23.1 0.3 0.997 

7 6 7 0.2 3.6 18.3 0.2 0.995 

8 8 6 0.4 4.8 16.3 0.2 0.998 

9 4 6 0.8 12.0 11.7 0.4 0.996 

10 8 8 0.8 7.2 7.6 0.2 0.996 

11 4 8 0.8 10.8 11.3 0.4 0.997 

12 6 9 0.6 13.2 9.6 0.5 0.994 

13 4 6 0.4 8.8 8.9 0.3 0.997 

14 10 7 0.6 2.7 12.6 0.09 0.997 

15 6 5 0.6 17.3 10.7 0.7 0.997 

Hmax = 13.64 

Rm=0.54 

 

=9.85 

 
Hrs. 5.2 
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Table 4. Actual cumulative hydrogen production (A – 

Substrate concentration; Ac – Actual; B – Inhibitor 

concentration; C – Coded; T- Trail) 

 

 

 

T 

A(X1)  

(gVS/L) 

pH(X2)   B(X3)   

(mM) 

Actual 

cumulative 

hydrogen 

production 

(mL/gVS)  

 

Ac 

 

C  

 

Ac 

 

C 

Ac C 

1 
60 0 7 0 2 0 13.045 

2 
80  1 8 1 2.5 -1 4.758 

3 
60 0 7 0 3 2 13.257 

4 
80 1 6 -1 2.5 1 11.68 

5 
20 -2 7 0 2 0 3.41 

6 
40 -1 8 1 1.5 -1 3.78 

7 
60 0 7 0 1 -2 3.39 

8 
80 1 6 -1 1.5 -1 4.651 

9 
40 -1 6 -1 2.5 1 11.23 

10 
80 1 8 1 2.5 1 6.719 

11 
40 -1 8 1 2.5 1 10.321 

12 
60 0 9 2 2 0 12.492 

13 
40 -1 6 -1 1.5 -1 8.25 

14 
100 2 7 0 2 0 2.493 

15 
60 0 5 -2 2 0 16.706 

 

    Table 5. Anova of the co-efficients of the model 

 

Term Coefficient  F value Prob P>F 

Model  13.75 <0.0002 

Intercept 12.41 - - 

X1 -0.3 0.52 0.4893 

X2 -1.2 8.19 0.0169 

X3 2.34 31.22 0.0002 

X1X2 0.17 0.081 0.7819 

X1X3 -0.26 0.2 0.6661 

X2X3 -0.059 0.010 0.9222 

X1
2 -2.79 70.11 <0.0001 

X2
2 -0.11 0.11 0.7423 

X3
2 -1.59 22.57 0.0008 

 

The computed F-value of 18.27 implied that the model 

was significant. There is only a 0.01% chance that a 

‘Model F-value’ could occur due to noise. The P-values 

were used to verify the significance of each variable, 

which also indicated the intensity of the interaction 

between each independent variable (Liu et al., 2003). 

Given a P-value of 0.0206 (<0.0500), the model terms 

were considered significant, whereas P-values > 0.1000 

were not significant. The coded values X2, X3, X1
2, X3

2 

were considered significant model terms. The R2 value of 

0.9252 indicated a close relationship between the 

experimental and predicted values, which suggests that 

this is a very reliable mathematical model for hydrogen 

production.  

Interaction between the parameters 

The response surface and contour plots depict the 

interactions between two variables for hydrogen yield, 

while maintaining the other variables at base line (zero 

level) (Figs. 5-7). The shapes of the contour plots, 

elliptical or circular, indicate whether the mutual 

interactions between the variables are significant or not.  

Effect of substrate concentration and pH 

The elliptical plot indicates the significance between the 

interactions between the parameters. Understanding the 

dependence of substrate concentration on fermentative 

hydrogen production is usually a critical step toward 

optimal control and operation of a bioreactor. Herein, the 

effect of the substrate concentration on hydrogen yield 

was presented in Fig. 5 for dairy manure feedstock 

ranging from 20 to 100 g-TVS/L at the variation of initial 

pH from 5 to 9. As can be seen from figure 5, hydrogen 

yield increased remarkably with the increase of substrate 

concentration in the range of 20-60 g-TVS/L at any pH 

value. Thereafter, the cumulative hydrogen yield 

decreased gradually as the concentration of substrate 

further increased. For instance, while the substrate 

concentration increased from 20 to 50 and 70 g-TVS/L, 

the corresponding hydrogen yield increased from 

minimum to the maximum value of 15.934 mL/g-TVS. 

The maximum hydrogen yield of 15.934 mL/g-TVS 

occurred at the substrate concentration of 60 g-TVS/L. 

Then, the cumulative hydrogen yield rapidly declined 

from 15.934 to minimum with the increase of substrate 

concentration from 60 to 100 g-TVS/L.  

The results could be expected because 

excessive substrate concentration would result in the 

acidification of system, accumulation of VFAs, and a fall 

of pH value in the batch reactor. In this case, the activity 

of hydrogen producing microbes would be inhibited. In 

(gVS/L) 

(A) 

(B) 

(gVS/L) 
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  A: Substrate concentration    B: pH  

addition, the partial pressure of hydrogen in the batch 

reactor rose with the increases in substrate concentration. 

While the partial pressure of hydrogen increased to a 

certain level in the headspace of reactor, the 

microorganisms would switch to alcohol production, thus 

inhibiting hydrogen production (Lay et al., 1999). 

Fig. 5. Response surface (A) and Contour plots (B) 

between pH and substrate concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of substrate concentration and inhibitor 

concentration  

The elliptical plot indicates the significance between the 

interactions between the parameters. The cumulative 

hydrogen production increased with the increase in 

inhibitor concentration as seen in the figure 6. But the 

effect of substrate concentration remains the same as in 

the presence of varying the pH. The results could be 

expected because the increase in the inhibitor 

concentration will increase the methanogenesis inhibition 

which will subsequently favour the growth of hydrogen 

producing microorganisms, which results in higher yield.  

 

Fig. 6. Response surface (A) and Contour plots (B) 

between inhibitor concentration and substrate 

concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of pH and inhibitor concentration 

The circular plot indicates the insignificance between the 

interactions between the parameters. However it can be 

noted that the maximum hydrogen yield occurred at low 

pH and high inhibitor concentration. This result was 

consistent with most previous works, in which the 

optimum pH value for hydrogen-producing system 

occurred in the range of pH from 5.0 to 7.0 (Fan et al., 

2006b; Li and Fang, 2007b). However, it was different 

from the results reported by Cai and co-workers, in 

which the maximal hydrogen yield of 16.6 mL/g-TS 

occurred at pH of 11.0 using the alkaline pre-treated 

sludge by anaerobic fermentation (Cai et al., 2004). The 

results showed that the proper pH control in the reactor 

could stimulate the microorganisms to produce hydrogen 

and would achieve the system having a maximum 

hydrogen yield, but the activity of hydrogenase would be 
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inhibited by low or high pH values in overall hydrogen 

fermentation (Lay et al., 1999; Fan et al., 2004). 

Fig. 7. Response surface (A) and Contour plots (B) 

between inhibitor concentration and pH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model optimization 

According to the statistical design, the 

optimized conditions for maximum yield of cumulative 

hydrogen production of 23.1995 mL/gVS were substrate 

concentration of 57.63 g VS/L, initial pH of 6, inhibitor 

concentration of 2.36 mM. This optimization gave 

maximum desirability of 0.885 for the model. 

Fig. 8. Optimized parameters for the model 
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