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ABSTRACT 

CH4 yield during separate anaerobic digestion of pig manure, cow manure, food waste, and during co-

digestion of 13 mixtures with different relative proportions of these three biomass materials under mesophilic 

conditions over a 36 day period was measured. Biomass materials were collected from local farms and 

households near Aalborg, Denmark (an area with dense animal production), and measurements were 

conducted via batch experiments under bench-scale conditions.   

The results showed that co-digestion can significantly increase ultimate CH4 yield compared to separate 

digestion. For the biomass materials considered here 12 out of the 13 co-digested mixtures yielded increased 

CH4 production compared to separate digestion. Results further indicated that CH4 production is initiated 

faster during co-digestion compared to separate digestion. For the materials investigated here relative 

cumulative CH4 production (cumulative CH4 yield at any given time divided by ultimate CH4 yield) was 

significantly higher during co-digestion compared to separate digestion during the first 10 days of the 

digestion process.   

 
Keywords: Anaerobic digestion, cumulative CH4 yield, animal manure, food waste, batch experiments .  

1. INTRODUCTION 

The realization that human-made emissions of greenhouse gases (primarily from fuel combustion) is a 

significant threat to our future environment has resulted in a growing interest in carbon neutral fuels such 

biomass. 

At present biomass (both from energy crops and from biomass wastes) constitutes about 13% of the global 

energy consumption [1]. Despite this, the energy in biomass wastes, especially in animal manure is currently 

under-utilized. Energy contained in animal manure (mainly from agricultural meat and dairy production) 

corresponds to about 14% of the current global energy consumption but less than 1% of this energy is 

currently being utilized. Animal manure therefore, represents a large, currently unused energy source. 

Anaerobic digestion has been widely used to treat wet wastes such as animal manure and food waste etc. 

with the aim of energy extraction. After digestion such wastes are also more suitable for soil application as 

nutrients are more readily available [2] and odor emissions are reduced compared to undigested materials.. 

Several physical, chemical and thermal methods have been applied prior to digestion to improve biomass 

CH4 yield [3 – 7]. Examples of pre-treatment methods are crushing, addition of strong acids or bases, 

exposure to elevated temperature and pressure or combinations thereof. Such methods are especially 

effective with respect to materials such as straw which are difficult to degrade under anaerobic conditions. 
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An alternative approach is to co-digest different biomasses in appropriate proportions. Co-digestion has been 

shown to increase CH4 potential over that of separate digestion [8 – 20].  

Although co-digestion has been shown to improve biomass CH4 yield compared to separate digestion, 

knowledge about how improvement in CH4 yield depends on biomass material composition (the types of 

biomass that are co-digested) is very limited. Such knowledge, however, is valuable as it allows for 

optimization of biomass mixture composition for a given co-digestion plant based on the types of biomass 

available in the region. Whether effects of co-digestion on CH4 yield depend on digestion process time is 

also not known. The objective of this study was therefore to assess the impact of co-digestion on CH4 yield 

across a set of biomass mixtures with different compositions based on the same three raw biomass materials 

(cow manure, pig manure and food waste) and to evaluate the dependency of CH4 yield improvement on 

digestion time under mesophilic conditions. 

 

2. MATERIALS AND MATHODS 

 Evaluation of co-digestion impact 

on CH4 yield in response to 

variations in biomass composition 

and as a function of digestion time 

was carried out based on cow 

manure, pig manure, and food 

waste. Animal manures were 

collected at local farms in the 

vicinity of Aalborg city, Denmark, 

while food waste (about 30% bread, 

30 % vegetables, 30% rice/pasta, 

and 10% meat/fish, wet weight) was 

collected from selected residential 

homes in Aalborg. The three 

biomasses were stored at 4
o
C until 

needed. Inoculum (digested sewage 

sludge from a wastewater treatment 

plant in Aalborg) was collected a 

few days before use and starved 

until use, to reduce its gas 

production.  

Food waste and cow manure (which 

contained dry clumps) were initially 

homogenized (blended) to < 2mm 

particle size. Dry matter (DM) and 

volatile solids (VS) contents of the 

three biomass materials and the 

inoculum were measured in 

duplicate on 10 g samples, by 

weighing, drying at 105°C for 24 

hours, weighing, and ignition for 

two hours at 550 °C, followed by 

weighing. Resulting values are given in Table 1. 

13 mixtures with different composition were prepared by mixing cow manure, pig manure and food waste in 

appropriate proportions. The relative amounts (in terms of wet mass) of cow and pig manure in the mixtures 

were 0 – 70%, while the amount of food waste was 0 – 10%. These ranges were selected to represent the 

approximate biomass availability in regions with intensive animal and dairy production. The properties of the 

13 biomass mixtures in terms of relative mixture composition are given in Table 1.  

Material  DM VS BCH4,36 

  % % of DM L kg VS
-1

 

Pig manure  0.9 57.1 594 

Cow manure  25.4 60.3 240 

Food waste  34.7 91.6 344 

Inoculum  4.6 50.1 40 

 
  Cow manure Pig manure Food waste 

 

  
   Percentage of wet mass 

  
Mixture 1 70 28 2 261 

Mixture 2 70 24 6 260 

Mixture 3 70 20 10 264 

Mixture 4 58.5 37.5 4 284 

Mixture 5 58.5 33.5 8 270 

Mixture 6 49 49 2 310 

Mixture 7 47 47 6 285 

Mixture 8 45 45 10 306 

Mixture 9 37.5 58.5 4 292 

Mixture 10 33.5 58.5 8 330 

Mixture 11 28 70 2 363 

Mixture 12 24 70 6 349 

Mixture 13 20 70 10 398 

     

Table 1. Properties of the three biomass materials (cow 

manure, pig manure, food waste), inoculum and 13 biomass 

mixtures used. DM, VS, BCH4,ult are dry matter, volatile 

solids contents and, cumulative (ultimate) CH4 yield after 

36 days of digestion, respectively.  
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Batch digestion experiments using 250 mL serum bottles were carried out for all materials, material mixtures 

and inoculum (control) in duplicate. Samples were prepared by adding 10 g of each material or material 

mixture (wet weight) and 100 g inoculum to each bottle (control samples, contained 110 g inoculum). Mean 

VS concentration across all 34 samples was 30 g L
-1

 with a relatively small standard deviation of 3g L
-1

. 

Therefore effects of variations in overall VS concentration on CH4 yield (dilution effects) are expected to be 

negligible. Bottles were initially flushed with N2 to expel O2 and subsequently sealed and incubated at 37
o
C 

for 36 days. Gas production was measured daily during the first part of the experiment and semi-daily during 

the remaining part in response to the variation in gas production, using a low friction glass syringe At regular 

intervals duplicate gas samples for analysis of CH4 and CO2 content on a gas chromatograph (Agilent 7890) 

were collected. Cumulative CH4 production (BCH4) as a function of digestion time, corrected for production 

by the inoculum and normalized to 0 
o
C and 1 atm, was then calculated assuming that produced gas consisted 

only of CO2 and CH4.  

 

3. RESULTS AND DISCUSSION 

BCH4 for cow manure, pig manure, 

food waste and the 13 mixtures are 

shown in Fig. 1 as a function of 

digestion time. Corresponding values 

of ultimate CH4 yield (BCH4,ult) taken 

as the cumulative CH4 potential after 

36 days of digestion are shown in 

Table 1. Per mass of VS, pig manure 

had the highest CH4 yield, followed 

by food waste and cow manure. 

Approximately 90% of BCH4,ult of pig 

manure is exhausted after about 14 

days of digestion. In comparison less 

than 50% of BCH4,ult of cow manure 

and food waste are exhausted within 

that time period.  

While BCH4,ult of cow manure, pig 

manure and food waste cover a 

relatively wide range (240 – 594 L 

kgVS
-1

), BCH4,ult for the 13 mixtures 

only ranged between 260 and 398  L 

kgVS
-1

. Thus, mixing of different materials averages variations in BCH4 for the individual materials. As cow 

manure has the lowest BCH4,ult, the BCH4,ult of the 13 mixtures generally increases with increasing fractions of 

pig manure and food waste and decreasing fraction of cow manure (Table 1). If there are no effects of co-

digestion on BCH4 for the 13 mixtures, BCH4 for each mixture at any given digestion time, t, can be calculated 

as a sum of the contributions to BCH4 by cow manure, pig manure and food waste obtained during separate 

digestion, respectively.  

 

    
    ∑      

                                                                                                                                                  

 

   

 

 

Where BCH4(t) is BCH4 for the mixture at digestion time t, and xi is the fraction of VS mass originating from 

cow manure (i = 1), pig manure (i = 2), and food waste (i = 3), respectively (inoculum is disregarded when 

calculating the relative fractions). The relative change in BCH4 using co-digestion instead of separate 

digestion can then be calculated using: 

 

0

250

500

750

0 9 18 27 36

B
C

H
4
 (

L
 k

g
 V

S
-1

) 

Time (d) 
 Mixture 1 - 13  Cow manure

 Pig manure  Food waste

Figure 1. Cumulative CH4 production as a function of 

time for cow manure, pig manure, food waste and 13 

mixtures of these materials (averages of two replicates). 
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Where BCH4(t) is the relative change in BCH4 at digestion time, t, and BCH4(t) is the measured cumulative 

CH4 yield at time t, for the mixture in question.  

Values of xi corresponding to each of the 13 biomass mixtures were determined based on the VS contents of 

cow manure, pig manure and food waste in combination with the relative mass fractions of these three 

materials in each mixture (Table 1). Values of BCH4(t) were then calculated for each of the 13 biomass 

mixtures. Resulting BCH4,ult for the 13 mixtures are shown in Fig. 2. 

Figure 2 shows that for 12 out of the 

13 mixtures, there is a positive effect 

on ultimate CH4 yield (BCH4,ult > 0). 

This means that for these mixtures, co-

digestion yields more CH4 than if they 

were digested separately.  

The data in Fig 2 shows that it is 

possible to achieve an increase in CH4 

yield of up to 24% by-co digestion and 

further indicate that there may be an 

optimal mixture composition for 

which (BCH4,ult is at a maximum. On 

average, across all 13 mixtures, co-

digestion results in an increase in 

ultimate CH4 yield of about 10% 

which based on the 95% confidence 

intervals shown in Fig. 2 is significant.  

A possible explanation for the positive 

effects of co-digestion is that 

especially pig manure provides pH 

control and nutrients to the mixtures, This is especially relevant during digestion of the food waste where 

production of volatile fatty acids (VFA) early in the process can result in inhibition problems. Similar effects 

of pig manure have been documented earlier [8, 13 – 15, 21]. Co-digestion is often regarded as having a 

positive impact on digestion process performance. This is in agreement with the data in Fig. 2 that shows that 

co-digestion generally improves CH4 yield, however, the data also indicate that positive impacts of co-

digestion on CH4 yield cannot always be guaranteed.      

The relative fraction of BCH4,ult produced by a given biomass mixture at any given time t ≤ 36 days can be 

determined as: 

 

        
    

    
   

           
                                                                                                                                                          

 

Where BCH4,rel(t) is the relative fraction of BCH4,ult produced at time t. Values of BCH4,rel(t) were calculated for 

each of the 13 mixtures based on Eq.(3) using both the measured BCH4(t) values (corresponding to co-

digestion) and estimates of BCH4(t) from Eq.(1) (corresponding to separate digestion). The results are shown 

in Fig. 3. From day 3 to day 17, BCH4,rel for co-digestion (in Fig. 3 labeled BCH4,rel,mix) is significantly higher 

(as based on the 95% confidence intervals) than BCH4,rel for separate digestion (BCH4,rel,sep). Defining the rate 

of change in BCH4,rel with time as r: 
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Figure 2. Relative change in ultimate CH4 potential 

(BCH4,ult) by co-digestion vs. separate digestion for the 

13 mixtures. Horizontal solid and dashed lines are mean 

BCH4,ult and 95% confidence interval, respectively. 
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Figure 3 shows that during the 

first approximately10 days of 

digestion. r for co-digestion (rmix) 

is generally higher than r for 

separate digestion (rsep), while the 

opposite is the case between day 

10 and 17. During the initial 10 

days, biomass conversion into CH4 

proceeds faster during co-

digestion compared to separate 

digestion on a relative basis, while 

between days 10 and 17, the 

separate digestion process ‘catches 

up’ with co-digestion and relative 

biomass conversion into CH4 

becomes similar for the two 

processes. Thus, in addition to 

generally improving ultimate CH4 

yield, co-digestion also seems to 

initiate CH4 production earlier and 

more rapid than separate 

digestion.  

 

4. CONCLUSIONS 

Impact of separate digestion of cow manure, pig manure and food waste, as well as co-digestion of these 

materials in different proportion in 13 biomass mixtures, on CH4 yield was investigated. Results showed that 

co-digestion generally increased ultimate CH4 yield in comparison with separate digestion. On average co-

digestion increased ultimate CH4 yield by about 10 % across the 13 mixtures and improvements in ultimate 

CH4 yield as high as 24% for individual mixtures as compared to separate digestion was observed. Results 

further indicated that CH4 production starts earlier and proceeds at a higher rate early in the digestion process 

during co-digestion as compared to separate digestion. As the results presented here were obtained based on 

bench-scale batch experiments, the results are likely not directly transferable to full-scale continuous 

anaerobic digestion plants. However as the results observed in this study are statistically significant, it is very 

likely that the tendencies discussed above are valid also under full-scale and continuous conditions.  

 

REFERENCES 
[1] International Energy Agency. Key world energy statistics, 2013 

 
[2] Frigon J., and Guiot, S. R. 2010. Biomethane production from starch and lignocellulosic crops: a 

comparative review Source: Biofuels Bioproducts & Biorefining-BIOFPR. 4:447-458. 

 

[3] Valo, A., Carrére, H., and Delgenés, J. P. 2004. Thermal, chemical and thermo-chemical pre-treatment of 

waste activated sludge for anaerobic digestion J. Chem Technol Biotechnol 79:1197–1203. 

 

[4] Rafique, R., Poulsen, T. G., Nizami, A., Asam, Z., Murphy, J. D., and Kiely, G. 2010. Effect of thermal, 

chemical and thermo-chemical pre-treatments to enhance methane production. Energy 35:4556 – 4561. 

 

r
mix 

> r
sep

 

r
mix

< r
sep

 

r
mix 

≈ r
sep

 

BCH4,rel,sep 

BCH4,rel,mix 

 

Figure 3. Fraction of ultimate CH4 potential produced 

(BCH4,rel) as a function of time (Eq.(3)) for co-digestion 

(based on measured values) and separate digestion (based 

on estimates by Eq.(1)). Curves are averages across all 13 

mixtures and thin lines are 95% confidence intervals. r = 

d(BCH4,rel)/dt and subscripts ‘sep’ and ‘mix’ indicate 

separate and co-digestion, respectively 



8
th
 i – CIPEC  

October 15 – 18, 2014, HangZhou, China 

6 
 

[5] Nielsen, H. B., and Heiske, S. 2011 Anaerobic digestion of macroalgae: methane potentials pre-treatment, 

inhibition and co-digestion. Water Science and Technology, 61:1723-1729. 

 

[6] Rodríguez-Abalde, A., Fernándeza, B., Silvestre, G., and Flotats, X. 2011. Effects of thermal pre-

treatments on solid slaughterhouse waste methane potential. Waste Management 31:1488–1493. 

 

[7] Xie, S., Frost, J. P., Lawlor, P. G., Wud, G., and Zhan, X. 2011. Effects of thermo-chemical pre-treatment 

of grass silage on methane production by anaerobic digestion. Bioresource Technology 102, 8748–8755. 

 

[8] Magbanua Jr., B. S., Adams, T. T.,  and Johnston, P. 2001. Anaerobic codigestion of hog and poultry 

waste. Bioresource Technology 76:165-168. 

 

[9] Murto, M., Björnsson, L., and Mattiason, B. 2004. Impact of food industrial waste on anaerobic co-

digestion of sewage sludge and pig slurry. Journal of Environmental Management 70:101-107. 

 

[10] Amon, T., B. Amon, Kryvoruchko, V., Zollitsch, W., Mayer, K., and Gruber, L. 2007. Biogas 

production from maize and dairy cattle manure: Influence of biomass composition on the methane yield. 

Agriculture, Ecosystems and Environment 118:173–182 

 

[11] Gelegenis, J., Georgakakis, D., Angelidaki, I., and Mavris, V. 2007. Optimization of biogas production 

by co-digesting whey with diluted poultry manure Renewable Energy 32:2147-2160. 

 

[12] Agdag, O. N., and Sponza, D. T. 2007. Co-digestion of mixed industrial sludge with municipal solid 

wastes in anaerobic simulated landfilling bioreactors. Journal of Hazardous Materials, 140:75-85. 

   

[13] Ahn H. K., Smith, M. C., Kondrad S. L., and J. W. White, J. W. 2010. Evaluation of Biogas Production 

Potential by Dry Anaerobic Digestion of Switchgrass–Animal Manure Mixtures. Appl Biochem Biotechnol 

160:965–975. 

 

[14] Lansing, S., Martin, J. F., Botero, R. B., da Silva, T. N., da Silva, and E. D. 2010a. Wastewater 

transformations and fertilizer value when co-digesting differing ratios of swine manure and used cooking 

grease in low-cost digesters. Biomass and Bioenergy 34:1711-1720. 

 

[15] Lansing, S., J. F. Martin, R. B. Botero, T. N. da Silva, E. D. da Silva. 2010b. Methane production in 

low-cost, unheated, plug-flow digesters treating swine manure and used cooking grease. Bioresource 

Technology 101:4362–4370. 

 

[16] Ogejo, J. A., and Li, L. 2010. Enhancing biomethane production from flush dairy manure with turkey 

processing wastewater. Applied Energy 87:3171–3177. 

 

[17] Lin, J., Zuo, J., Gan, L., Li, P., Liu, F., Wang, K., Chen, L., and Gan, H. 2011. Effects of mixture ratio 

on anaerobic co-digestion with fruit and vegetable waste and food waste of China, Journal of Environmental 

Sciences, 23:1403–1408. 

 

[18] Zaki-ul-Zaman, A., T. G. Poulsen, A. S. Nizami, R. Rafique, G. Kiely, J. D. Murphy. 2011. How can we 

improve biomethane production per unit of feedstock in biogas plants? Applied Energy, 88:2013–2018. 

 

[19] Ashekuzzaman, S. M., and Poulsen, T. G. 2011. Optimizing feed composition for improved methane 

yield during anaerobic digestion of cow dung based waste mixtures, Bioresource Technology 102, 2213–

2218. 

 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAsam,%2520Zaki-ul-Zaman%26authorID%3D36238736200%26md5%3D434209f19e63f1f2a6859db2e6867eb3&_acct=C000032758&_version=1&_userid=632453&md5=9405903140c5c2a238f34d6c6491313f
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DPoulsen,%2520Tjalfe%2520Gorm%26authorID%3D7005629139%26md5%3D34893c8c2599f8af75136e185e107bf5&_acct=C000032758&_version=1&_userid=632453&md5=a617c15ea7e538b08bb1d1f4cc03c8bc
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DNizami,%2520Abdul-Sattar%26authorID%3D35213765200%26md5%3D3d9ec7235578589b2435725f6d5e3ac7&_acct=C000032758&_version=1&_userid=632453&md5=18d8b05709053b1e4bf63d507ebb15b0
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DRafique,%2520Rashad%26authorID%3D36239353200%26md5%3D9d217e161713e5b55adaa2a2b5b660d9&_acct=C000032758&_version=1&_userid=632453&md5=83f95b4ff5ca46675e0ec1e50117673e
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKiely,%2520Ger%26authorID%3D6604085657%26md5%3D2069e0cdfce8d2e5fe4ad2d0932820c4&_acct=C000032758&_version=1&_userid=632453&md5=42c9b947bba7ade65f01177f5bbaee1b
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DMurphy,%2520Jerry%2520D.%26authorID%3D7404112856%26md5%3Dd7ca8f1ca282acb5d1817e9c835f7aca&_acct=C000032758&_version=1&_userid=632453&md5=b5c91709ce2eb898781d95a3ae5c5293
http://www.sciencedirect.com/science/journal/03062619
http://www.sciencedirect.com/science/journal/03062619/88/6


8
th
 i – CIPEC  

October 15 – 18, 2014, HangZhou, China 

7 
 

[20] Ponsa, S., Gea, T.,. and Sanchez, A. 2011. Anaerobic co-digestion of the organic fraction of municipal 

solid waste with several pure organic co-substrates. Biosystems Engineering 108:352 – 360. 

 

[21] Astals, S., Ariso, M., Gali, A., and Mata-Alvarez, J. 2011. Co-digestion of pig slurry and glycerine: 

experimental and modeling study, Journal of Environmental Management 92, 1091-1096. 

 


