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Abstract 
 

Biomass and biomass-derived waste are important renewable energy sources which plays a vital 
role in greenhouse gas reduction from fossil fuel.  Biomass can be degraded in a process known 
as anaerobic digestion (AD) to produce biogas. Biogas is a mixture of methane and carbon 
dioxide which is utilized as a renewable source of energy. This project was based on the 
investigation of AD process in Nordvästra Skånes Renhållnings AB (NSR) a biogas facility in 
Helsingborg Sweden. A lab simulation of NSR digesters was conducted to evaluate the effects of 
swine manure on AD using two continuously stirred tank reactors (CSTR) R1 (control) and R2 
with a working volume of 4L for 21 weeks. The study was divided into 4 periods and the 
investigation was carried out by increasing the organic loading rate (OLR) step wise from 2.5 to 
3.6 gVSL-1day-1. To assess the effects of swine manure, the performance and stability of the 
reactors were monitored by collecting data from process parameters. These process parameters 
included biogas production, pH, volatile fatty acids, methane yield, methane content and organic 
solids (total and volatile solids). Increase in OLR resulted in increase biogas production in both 
reactors, however R2 with additional swine manure (15%) produced more biogas than R1. 
Methane yield was fairly stable during the experiment and had a similar trend in both reactors, 
but however R2 had a slightly higher average yield (730±60 mLCH4 gVS-1) than R1 (690±60 
mLCH4 gVS-1) during the entire experiment. Increase OLR resulted in increase VFA in period 2; 
R2 with additional swine manure had a lower peak VFA concentration of 25 mM as compared to 
33mM in R1.  The characteristics of NSR substrate mix and swine manure provided a good 
buffering system (stable pH), and reactors were still running stably at 3.6 gVSL-1day-1. 
Furthermore swine manure was investigated to contain macro-nutrients and trace metals which 
might have enhanced the AD process in R2 containing more Co, Zn, Ni and Mo than R1. Since 
this investigation was a simulation, the waste mix used at NSR contained 7% swine manure, this 
made it difficult to give clearer conclusions about the effects of co-digestion of swine manure on 
the biogas process since the control (R1) had 7% swine manure. 

Keywords: Anaerobic digestion, co-digestion, swine manure, substrate mix, organic loading 
rate, biogas production, methane yield, VFA, process parameters, CSTR. 
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AD      Anaerobic digestion. 
CSTR Continuously stirred tank reactor 
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detector. 
HRT Hydraulic retention time 
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NSR  Nordvästra Skånes Renhållnings AB 
OLR Organic loading rate. 
TS Total Solids 
TVFA Total volatile fatty acids. 
VFA Volatile fatty acid 
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1: Introduction             
 

World energy demands are constantly on the rise according to global energy trends. It has been 
estimated to increase by 53% between 2004 and 20301. Fossil fuel has been projected to be the 
main source of the energy supply accounting for 83% of total global energy needs2. The use of 
fossil fuels as the main source of energy has increased the emission of greenhouse gases into the 
atmosphere through its combustion. Further, it is estimated that 80% of anthropogenic emissions 
is carbon dioxide which is one of the main greenhouse gases; it is emitted to the atmosphere 
mainly through the combustion of fossil fuels3. Anthropogenic CO2 emission from fossil fuel 
interferes with the global climate system by increasing the global atmospheric temperature, 
which is the main cause of global warming and climate change4. Therefore it is of paramount 
importance from a sustainable development perspective to divert this dependence on fossil fuel 
as a major source of energy to the development and improvement of renewable energy sources 
and technologies.   

Utilization of renewable energy sources plays an important role in the reduction of greenhouse 
gas emission from fossil fuels. Biomass and biomass-derived wastes are important renewable 
energy sources. This includes all animal residues, energy crops, waste from food processing 
industries, biodegradable household waste etc. Biomass can be used in a process known as 
anaerobic digestion (AD) to produce biogas. Biogas is a promising renewable fuel as its 
combustion does not add any extra carbon dioxide to the atmosphere and also helps to prevent 
further emissions from fossil fuels like nitrous oxides, hydrocarbons and particulate matter5. 
Basically biogas contains methane and carbon dioxide. The methane can be utilized in the energy 
sector in the following ways:  

1. Biogas can be applied in combined heat and power plants; it can be used for heat 
generation in district heating and electricity production.  

2. When upgraded biogas can be used as vehicle fuel. 
3. Biogas can also be pumped into a natural gas grid6.  

During AD a renewable energy carrier is recovered in the form of methane, waste volumes and 
waste pollutants are reduced and also the emission of methane from poorly disposed animal 
manure 7 is lowered if properly treated during AD. Improvement of AD technologies is therefore 

                                                           
1
 IEA 2006 

2 IEA 2006 
3 Schmalensee R. et al.  1998, p 15. 
4 Solomon et al. 2008 p1704  
5Angelidaki et al 2003;  Lantz et al. 2007 p1831. 
6 Lantz et al. 2007 
7 de Mes et al. 2003, Murto et al.,  2004 p 101  
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desirable to increase the biogas process efficiency and to increase the biogas yield to meet up 
with future energy demands. 

The biogas process is understood as all the biochemical reactions occurring in a biogas digester 
and involving the biological pathways where different groups of microorganisms takes part in 
the anaerobic degradation of organic waste to produce methane and carbon dioxide8. For a stable 
and smooth operation of the biogas process to be met, it is necessary to apply a proper process 
control which will lead to an increase of the output. This can be achieved by monitoring 
operational parameters which will provide early warnings in case of process instability9. The 
major parameters which are monitored in order to control the process performance and stability 
are volatile fatty acids, pH, temperature, gas production, total and volatile solids, organic load 
rate (OLR) and methane content10.  

 More stable performance of AD and optimization of biogas yield can be achieved by the co-
digestion of various kinds of organic waste substrates e.g. from livestock, food processing 
industry, household waste and municipal sewage sludge. The application of many kinds of waste 
streams to produce biogas aim at increasing load of biodegradable organic matter, balancing of 
nutrients in the process and possibly diluting inhibitory substances11. Cow manure for example 
has been found by some authors to be suitable for co-digesting different waste types especially 
when concentrated industrial waste is used, due to its high water and nutrient contents12. 
However there is not much information on the role of swine manure in the biogas process. 

The present project is based on an investigation of the AD process in NSR (Nordvästra Skånes 
Renhållnings AB) a large-scale biogas facility located in Helsingborg, Sweden. The overall 
objective was to study the effects of co-digesting biodegradable waste with swine manure. To 
study the effects of swine manure on the AD process, a laboratory simulation of the AD process 
at NSR was conducted using lab-scale CSTR. The study of performance and stability of the lab-
scale digesters was characterised by collecting data from the following process parameters; 
biogas production, pH, volatile fatty acids, methane yield, methane content and organic solids 
(total and volatile solids). This was done during the course of the entire experiment as swine 
manure was increased in the waste mix (pre-treated household waste (24%), potato waste (22%), 
slaughter house waste (16%), diary waste (13), process sludge (12%), swine manure (7%) and 
other waste (6%))13. from 7 to 15% while increasing the organic load rate from 2.5 to 3.6 gVSL-

1day-1.This investigation is important for the NSR biogas facility, since it is intended to increase 
the swine manure fraction in their waste mix for biogas production in the future, while varying 

                                                           
8 Angelidaki et al. 2003. 
9 Nielsen H. B. et al 2006,  p1-2 
10

 Nielsen H. B. et al 2006,  Yadvika et al. 2004 p 4 
11 Angelidaki and Ellegaard, 2003, p97.  
12 Angelidaki and Ellegaard, 2003, p97 
13 Irene Bohn (2011), NSR 
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the OLR. It will be interesting for NSR to know whether an increase in swine manure will allow 
higher OLR without loss or decline in gas production and also maintaining a stable AD process. 

 

1.1Research Aim   
The overall research aim is to investigate if the increase of swine manure in the waste mix would allow a 
higher organic loading rate and still maintain stable process conditions in the reactors at NSR.  

1.2 Objectives 
The main research questions of the overall study are: 

• Could the increase of swine manure in the waste mix open up for a higher biogas production in 
the NSR reactors? 

• Would NSR reactors cope better with increased swine manure in the waste mix at a higher OLR? 

• How did the operational parameters respond to an increase of the OLR with and without the 
increase of swine manure? 

1.3 Hypothesis 

• Increases in swine manure in NSR waste mix will affect process parameters related to the 
stability (pH and VFA) of the biogas process.  

• Increase in swine manure will contribute to the increase in biogas production 
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 2: Background theory 

 

2.1 Biogas Production  
 

The idea of utilizing biogas as a source of energy has been around since the 16th century in 
Persia, where decaying vegetables was observed to produce flames. In recent time biogas 
digesters were first conceived in a leper colony in Bombay in the 1850’s14. In Europe Louis 
Pasture with his student Gavon in 1884 were the first to produce biogas from cow dung in Paris. 
In 1897 the street lights of Exeter in United Kingdom was lighted by biogas obtained from a 
waste water and sewage treatment facility15. Biogas is produced in biogas plant in a process 
known as anaerobic digestion (AD). The microbial processes leading to biogas formation occur 
in nature, where anaerobic conditions prevails, e.g. in swamps, marine and fresh water 
sediments16. The biogas produced from AD mainly contains 50-80% methane and 20-50% 
carbon dioxide17 and trace gases such as hydrogen sulphide, ammonia and hydrogen. The 
methane gas is the point of interest and it can be used in the energy sector especially in heating 
and as vehicle fuel.  

Today commercial biogas production mainly takes place in large and small scale biogas plants 
and on landfills. The potential feedstock used in biogas plants for biogas production includes: 
sewage sludge, industrial organic waste, agricultural waste (animal manure and energy crops) 
and municipal solid waste18. Small scale biogas plants are mostly used in developing countries 
where the biogas is used for lighting and cooking in households. China and Nepal have about 8 
million and 50,000 small scale digesters, respectively, which apply farm scale digestion by 
treating mostly animal waste19. Large scale biogas plants are applied in more developed 
countries, centralised co-digestion plant is an example of a large scale plant, which mainly co-
digests animal waste and other wastes in small amounts. Centralised co-digestion plants were 
first used in Denmark followed by Sweden, and currently used in most EU countries and also in 
the USA20. 

                                                           
14 www.adelaide.edu 
15 Deublien and  Steinhauser 2008,  p27,28 
16 Angelidaki et al 2003 
17 Lantz et al. 2007  
18 IEA, 2005 
19

 IEA, 2005 
20IEA, 2005 
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2.2 Biogas production: the situation in Sweden 

This section will highlight the biogas production and its energy potential from different organic 
waste types in Sweden and give details on the biogas production plant at NSR, which is the main 
focus of this thesis. 

In the last past decades the purpose of building biogas plants in Sweden has changed from 
basically those treating sludge from municipalities for the reduction of sludge volume to 
facilities meant for methane production. This has led to a production of biogas corresponding to 
5 PJ (in 2006; equivalent to 1.3 TWh annually) contributing to about 0.3% of the total energy 
consumption in Sweden. Currently biogas is produced in about 233 biogas facilities in Sweden, 
of which about 139 plants are incorporated with waste water treatment plants. These account for 
3 PJ/year (i.e. 60% total biogas produced) produced from AD of municipal waste water sludge21. 
Household waste and restaurant waste are estimated to have a potential of 3.4 PJ, an additional 
3.3 PJ is estimated from industrial organic waste, these sums up to a 12 PJ potential from 
industrial and municipal sector22. This makes the utilization of biodegradable household waste 
and industrial organic waste a promising sector in renewable energy production. To maximize 
biogas potential, Sweden also explores other sectors for the production of biogas. These include 
the agricultural sector, where crop residues, energy crops and dairy manure are investigated to 
have a potential of 9 PJ. The combination of municipal waste water, industrial food waste, 
household biodegradable waste and waste from the agricultural sector in the production of biogas 
will potentially increase Swedish biogas production to more than 50 PJ annually23. 

The production of biogas takes place in large scale, centralized plant, but also in small farm scale 
plants. Many of the  full scale biogas plants in Sweden applies slurry-based reactor tanks, which 
accept different liquid waste streams as shown in figure 2.1. Moreover the co-digestion 
technique has been implemented successfully in some plants24. The biogas produced is utilized in 
different Swedish energy sectors, where 56% of biogas is used for heating and 19% as vehicle 
fuel. Biogas powered vehicles have been emerging: in 2007 a total of 14,536 vehicle used biogas 
(equivalent to 64 million litres of petrol) pumped from about 115 refuelling stations25. 

 

 

                                                           
21 Lantz et al. 2007, p.1830,p1832, SEA, 2005 
22Lantz et al. 2007, p.1830 
23 Lantz et al. 2007, p.1830 
24 Lantz et al. 2007, p.1830 
25 Svensson et al., 2008.  



 

8 

 

 

 

                                                                                                                                                                                                                                                              

Waste streams Biogas Plant                   Products     Utilization 

      

                                                                                                                                                                                                             

  

 

  

   

 

Figure 2.1An overview of a typical biogas production system in Sweden (Modified from Lantz et 

al. 2007).                                          

2.2.1 The biogas plant at Nordvästra Skånes Renhållnings AB (NSR)   

NSR is focusing on municipal waste management, where recycling is a main goal. As part of this 
strategy for treatment of organic fractions of municipal waste, a biogas plant was constructed in 
1996 with a capacity to treat 80,000 tons of waste (figure 2.2) per year. The facility is made up of 
three digesters, which produces biogas with a gas content of 75% methane and 25% carbon 
dioxide. The facility uses the pressure swing adsorption (PSA) and water scrubbing upgrading 
technology to upgrade the raw biogas before it is utilized as vehicle fuel, upgraded biogas has a 
methane content of about 98%26.  

Upgraded biogas from the plant is used locally to run regional buses and waste collection trucks 
in the municipality. Apart from biogas the recycling facility also produces a certified quality bio-
fertilizer. Farmers and agricultural areas in Helsingborg are provided with the bio-fertilizer 
through a 10-km pipeline, which pumps about 20,000 m3 per year. This has led to a reduction of 
about 40 tons of CO2 emissions compared to the option of a transportation of the fertilizer with 
trucks27.  

                                                           
26 NSR, 2009  
27 NSR, 2009  
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Presently NSR facility uses slaughter house waste, process sludge, pre
potato waste, diary waste and swine manure. NSR produces biogas by co
supplies they collect in different proportions as shown in figure 2.2. Solid and packaged wastes 
are pretreated, pretreatment is done by sorting 
remaining solid waste is grind and mixed with 
mixture is sanitized at 70ºC for one hour to kill infectious microorganisms, before it is pumped to 
the digester tanks28. The digestion takes place anaerobically under mesophilic conditions (37
All the substrate is received in a reception tank where it is stirred continuously. 84
substrate is pumped to each reactor a day. The reactors have a hydraulic retention time (HRT) 
that varies between 24 and 34 days
and 3.0 million m3 in 2010. Today NSR is expecting to increase gas production to 3.65 million
m3 in 201129. 

 

Figure 2.2 Percentages of the different 

Helsingborg. Pre-treated house hold waste (PHW), potato waste (PW), Slaughter house waste 

(SHW), Dairy waste (DW), Processed sludge (PS) and Swine Manure (SM).

obtained from NSR
30

 

                                                           
28

 NSR, 2009 
29 NSR, 2009  
30 Irene Bohn (2011), NSR 
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2.3 The co-digestion strategy in biogas process 
 

The strategy of anaerobic co-digestion is a concept that has been increasingly applied in 
centralized biogas plants in the production of biogas. Most Northern European countries apply 
this concept and co-digests different substrates including food processing industry residue, 
sewage sludge and manure. Denmark alone has about 20 biogas plants co-digesting different 
substrates like industrial waste and manure31. Sweden on the other hand has more than 13 biogas 
plants where co-digestion is applied, in which large proportion of waste material comes from 
slaughter house waste, household and food industry waste and manure.32 

The application of co-digestion is promoted by two major drivers:  

(i) Waste water treatment plants are often oversized, that’s why the addition of a co-
substrate will help to increase total biogas production at a low cost33. Co-digestion 
of multiple waste streams in a single biogas facility offers economic and 
environmental benefits due to the efficient use of equipment and cost-sharing by 
treating multiple wastes in one biogas plant34. 

(ii) Biogas production from manure alone in centralized anaerobic digesters has a 
relatively low gas yield, which is economically not profitable. Co-digestion of 
manure with higher methane potential waste will increase the methane yield35.  

Co-digestion of organic waste and manure has been found successful. The main types of manure 
used in biogas plants as a co-substrate are cow and pig manure, the latter being projected to be 
widely used due to it increase in quantity36. Globally pig production has increased and in 2007 
100.6 million tonnes of pig meat was produced. The increase in pig meat production is 
equivalent to 125 million tonnes of swine manure37. It is profitable to anaerobically digest 
available swine manure to produce biogas and recover nutrients in the form of bio-fertilizers 
because untreated manure will lead to increase in emission of methane, eutrophication, 
contamination of ground water and odour emission38. 

                                                           
31 Dareioti M.A., et al. 2008 p892 ;Mata-Alvarez et al. 2000,p.9 
32 SEA, 2005 
33 IEA, 2005 
34 Dareioti M.A.,  et al. 2008 p892.  
35 Dareioti M.A.,  et al. 2008 p892 
36 Kaare hvid Hansen 1997 p.5 
37 Prapaspongsa T.  et al. 2009 p.411  
38Prapaspongsa T. et al. 2009 p.411 
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The application of manure in anaerobic co-digestion has three major advantages. The first reason 
is the availability and diversity of nutrients found in manure, which is favourable for optimal 
microbial growth and a natural content of anaerobic micro-organisms, secondly manure has a 
high water content which facilitate the dilution of dry and concentrated types of industrial 
organic waste39. Thirdly manure plays an important role in regulating the pH due to its high 
buffering capacity, which in turn maintains the stability of the process and helps the system to 
resist failure40.   

Even though a much higher yield is possible when co-digesting different organic waste with 
swine manure, AD tends to be problematic when swine or cow manure is digested as such. 
Digestion of swine manure alone has been unsuccessful mainly due to the inhibitory action of 
ammonia present in the manure41. Another reason why manure is not solely used as a substrate is 
that  manure has a low total solid concentration ranging between 5 to7% and furthermore manure 
contains a considerable fraction of fibres, mainly lignocelluloses, which is difficult to digest and 
most often goes through the digestion process undigested42. Therefore it is unsustainable and 
inefficient to build separate biogas plants to produce biogas from swine manure, which 
experimentally has shown low methane yield. Co-digesting manure in a plant with other organic 
waste with higher methane potential is beneficiary, since manure as mentioned above might 
improve process stability and increase biogas yield. 

 

 

2.4 The Microbiology of AD 
 

AD is performed by means of an array of different often specific microorganism identified in 
four different interdependent steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis43. 
These four different steps are carried out by the action of four groups of microorganisms, the 
primary fermentative bacteria which takes part in the hydrolysis and the fermentation step, 
secondary fermentative bacteria which are responsible in the acetogenesis step and two groups of 
methanogens in the last step of methanogenesis. These four groups of microorganism are 
mutually dependent on each other, for example methanogens in the later stage depends on the 
products from fermentative bacteria in the earlier stages44.  Figure 2.3 shows the pathway of the 
anaerobic digestion process producing biogas. 

                                                           
39  Angelidaki and  Ellegaard 2003, p.97 
40 Angelidaki and  Ellegaard 2003 
41 Kaare hvid Hansen et al. 1997 p.5  
42 Angelidaki and Ellegaard 2003, p.97 
43 Wieland,2010,  p.850 
44 Schink 1997, p. 263  
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Figure 2.3: Anaerobic digestion pathway modified from Ahring (2003), Schink (1997) and 

Apples et al. (2008). The different groups of microorganism which are involved are as follows: 1, 

primary fermentation bacteria, 2 secondary fermentation bacteria, 3 homoacetogenic bacteria, 4 

acetate cleaving methanogens, and 5 hydrogen-oxidizing methanogens. 

  

 

2.4.1 Hydrolysis 

Hydrolysis initiates the AD of complex organic polymers like carbohydrates, lipids and proteins, 
which are broken down to oligomers and monomers such as sugars, amino acids, fatty acids and 
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glycerol. Primary fermentative bacteria excrete hydrolytic enzymes, which degrade polymers 
extracellularly45. Thus, the digestion of organic matter in the following steps will depend on the 
hydrolysis, which is why hydrolysis often is a rate limiting step in the methane production 
process46 

 

2.4.2 Acidogenesis 

Hydrolysed molecule from the hydrolysis steps undergoes degradation in the second step of 
acidogenesis. Here the same primary fermentative bacteria which secrete hydrolytic enzymes are 
involved in the fermentation process. These bacteria ferment products from hydrolysis to 
produce, acetate, hydrogen, carbon dioxide and fatty acids. Only acetate, hydrogen and carbon 
dioxide in this step can be directly used by methanogens to form methane47. Fermentative 
degradation of organic material which occurs in acidogenesis step produces approximately 51% 
acetate, 19% H2 and CO2 and 30% intermediates such as propionate, butyrate and alcohols with 
more than two carbon atoms in a system with active methanogenesis48 

2.4.3 Acetogenesis 

As shown in figure 2.3, the intermediates from the acidogenesis i.e. mainly organic fatty acids 
longer than two carbon atoms, which cannot be directly used by methanogens to produce 
methane, are further broken down in the acetogenesis step. These intermediates are degraded by 
secondary fermentative bacteria (obligate hydrogen-producers) to acetate, hydrogen and carbon 
dioxide49. The obligate bacteria activity depends on the partial pressure of hydrogen. At high 
partial pressure of hydrogen the thermodynamics for degrading the fermentation products like 
VFA are unfavourable for the bacteria. This means that the acetogenic bacteria depend on the 
hydrogen consumption by the methanogens.50 The utilization of these intermediates in the 
acetogenesis step is very important because volatile fatty acids and other fermentation products 
accumulation may result in a decrease in pH in AD digesters, which might affect the biogas 
production. Therefore the appearance of VFA is an important variable for the monitoring of 
process stability. 

2.4.4 Methanogenesis 

Methanogenesis is the final step of AD. Acetate, hydrogen and carbon dioxide are the major 
products from acidogenesis and acetogenesis. They are converted to methane by two groups of 
methanogenic archaea in two different pathways: (i) acetate-cleaving methanogens degrading 
acetate or (ii) hydrogen-oxidizing methanogens utilizes hydrogen and carbon dioxide (figure 

                                                           
45 Schink 1997, p. 263; Wieland,2010, p850 
46 Apples et al. 2008, p758 
47 Apples et al. 2008, p758 
48 Ahring B.K. 2003 p.4 
49 Schink 1997, p. 263 
50 Ahring B.K. 2003 p.4 
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2.3); a few methanogenic archaea can convert acetate to methane and carbon dioxide, while the 
diversity of hydrogen-utilising methanogenes is much higher.51. 

For the biogas process to run properly i.e. before efficient methane production is achieved, a low 
partial pressure of hydrogen (<10Pa) must be maintained. A high hydrogen pressure will inhibit 
the metabolism of acetogenic microorganism necessary for the degradation of the intermediate 
fermentation products52. 

 

2.5 Biogas process parameters 
 

The stability of the biogas process depends on some major operational parameters, which need to 
be controlled. Monitoring of the process performance or stability includes measuring and 
determining of process parameters. Below the process parameters used in this thesis study are 
presented. 

2.5.1 pH  

During AD, the pH is a very important parameter to consider, since the proton concentration in 
the reactor affects microbial activity. Generally anaerobic digestion will occur in a pH range of 
6.8-7.2. However, some stages of anaerobic digestion may have optima outside this pH range. 
Microorganisms involved in hydrolysis and acidogenesis have optima at pH of 5.5-6.5, while 
methanogenic archaea for example which are more sensitive to high and low pH levels have an 
optimal pH range of 6.5-7.5. Fermentative bacteria on the other hand are less sensitive and can 
operate between pH 4.0-8.5. If the pH of the digester drops below 6.5, the growth rate of the 
methanogens will be reduced and methane production will be low53. The pH of biogas digesters 
is affected by different components produced during AD; this paper will focus on volatile fatty 
acids produced, which can be easily analysed. Fast drop in pH due to accumulation of VFA is 
mostly observed in a system with low buffering capacity. Furthermore, it is not recommended to 
use pH alone as an indicator of process instability in a highly buffered system which can mask 
the accumulation of VFA54 

 2.5.2 Alkalinity 

The alkalinity in anaerobic digestion is also known as the buffering capacity. It is an important 
parameter to measure when monitoring the biogas process; it gives information on how the 
system copes with rapid changes in pH value. The buffering capacity of the biogas process is 
mainly the balance between carbon dioxide in gaseous state and the bicarbonate in the liquid 
state in the digester. It is a better way of detecting process instability than the pH because an 

                                                           
51 Wieland,2010,  p.850 
52 Schink,1997 p265; Wieland, 2009 p850 
53 Appels et al.,2008 p759; de  Mes et al. 2003, p.60;  Ward et al. 2008,p.7931 
54 Bjornsson et al., 2000, p847 
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increase in fatty acid will significantly reduce the buffer capacity before the pH drops55. This 
implies that if the buffer capacity is high the system can handle acid accumulation without 
actually lowering the pH of the process. As mentioned above methanogens are sensitive to drop 
in pH which can impair their activity outside optimal pH range. Thus a good buffering system 
will provide a stable process for microbial growth and biogas production. 

 

2.5.3 Temperature 

The temperature is an important parameter to consider in the biogas process because it affects the 
growth and metabolic rate of micro-organisms and, thus, influences the performance of the 
biogas digesters. AD can occur at different temperature intervals, these temperature ranges are 
classified as psychrophilic (10-20ºC), mesophilic (20-40ºC) and thermophilic (50-60ºC)56, but 
mesophilic and thermophilic operations conditions are most common applied with optimum 
microbial activity at 35ºC and 55ºC respectively57. The temperature of biogas digesters should be 
kept constant to avoid variation in the microbial activity, for example the thermodynamics 
involved in the degradation of propionate is more favourable at higher temperatures while the 
activities of hydrodenotrophic methanogens are unfavourable at higher temperatures58. This 
means that a change from thermophilic to mesophilic conditions or vice versa or small variation 
in temperature (35 to 30 ºC) may dramatically affect the activity microorganisms and thus, affect 
biogas production59.  

2.5.4 Hydraulic retention time (HRT) 

The hydraulic retention time is the average time a component feed into the reactor and 
microorganisms present are retained in the biogas reactors before it is flushed out. This 
parameter will determine the volume of reactor fluid exchanged daily, the total sludge volume, 
the organic loading rate. Continuous exchange of reactor liquid with the substrate feed into the 
biogas reactors will decrease the population of fresh anaerobic bacteria if running at a short 
hydraulic retention time, on the other hand running digesters at longer HRT will demand larger 
digester volume60. 

 

2.5.5 VFA 

Monitoring of volatile fatty acid concentration gives authentic information about the stability of 
the AD process and it is a more accurate indicator of system failure than other parameters like 
alkalinity, pH and gas production. Since volatile fatty acids are produced in the acetogenesis 

                                                           
55 Appels et al.,2008, p.759, Ward et al. 2008,p.7931 
56 de Mes et al. 2003, p.60 
57

 Ward A.J.  et al. 2008, p.7930 
58 Appels et al.,2008, p.759; Yadvika et al. 2004, p.4 
59 Ward A.J.  et al. 2008, p.7931 
60 Yadvika et al. 2004, p.6 
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stage, an accumulation might imply that there is a process imbalance61. This maybe as a result of 
an improper interaction between acetogenesis and methanogenesis coupled to changes in the 
reactor operation e.g. variations in organic load rate and temperature.  Accumulation of acids in 
the AD could be toxic to methanogens, in addition increase VFA and other fermentation 
products will result in a pH decrease, which results in general decrease in microbial activity 
especially for the methanogens62. As mentioned above hydrogen consuming methanogens are 
crucial for maintaining a low partial pressure of hydrogen to enable acetogens to break down 
VFA.  

 

2.5.6 Total solids (TS) and volatile solids (VS) 

Total solids (TS) refer to the amount of solid matter present in the digester. Measuring the TS 
will give us information about feed degradation or if there is an increase in microbial growth. 
Volatile solids (VS) describe the amount of TS that the microorganisms may degrade in the 
anaerobic process to produce biogas, TS and VS are expressed in percentages. VS reduction is an 
important parameter in AD process; it determines the biodegradation of organic matter and also 
gives information about the metabolism of microorganism in the process63. VS reduction also 
indicates the removal of organic matter, where organic matter is converted to methane and also 
utilized for the synthesis of new microorganisms64.  

 

2.5.7 Organic load rate 

The organic load rate (OLR) refers to the rate at which organic material is supplied in the biogas 
digester daily. It is commonly expressed as kg VS per m3 per day or g VS per L per day. Varying 
the OLR affects the gas production in a biogas reactor, and it is therefore vital to investigate the 
methane yield in relation to increasing or decreasing of the OLR. According to the waste 
capacity of a biogas digester, every AD process has an optimum OLR at which methane 
production is maximum, exceeding this optimal OLR will not result in a corresponding increase 
in gas production65 

 

 

2.5.8 Seeding 

Biogas production during AD is completely dependent on the presence of appropriate 
microorganisms responsible for the degradation of the organic substrate material. Therefore it is 
                                                           
61 Boe et al. 2007, p.712 
62 Appels et al. 2008, p.769 
63

 L. Habiba et al. 2009 p.1557 
64De la Rubia et al. 2006 p.82 
65 Yadvika et al. 2004, p.6 



 

17 

 

important to have access to a suitable microbial population as a starting material at the initiation 
of new digesters. Sources used for seeding reactors mainly include inocula from similar reactors, 
digested wastewater treatment sludge from an operating biogas plant, manure and rotted dairy 
slurry66. 

2.5.9 Agitation  

Mixing of the reactor fluid is vital for the digester performance and also important for gas 
production. Thorough mixing will lead to a homogeneous substrate and microbial population 
distribution and sedimentation and stratification are avoided because all organic matters in the 
digester are always in suspension. Gas produced in the bottom of the digester can be easily 
released from the surface of reactor liquid through continuous mixing67.  

 

2.6 Operation techniques in biogas production 

Large scale biogas plants use different operational techniques and different reactor types. There 
are two basic digester techniques which includes batch-wise digestion and continuous digestion 
processes68. This thesis will focus on the continuous process technique.    

2.6.1 Continuously stirred tank reactor (CSTR) 

The continuously stirred tank reactor is suitable for liquid phase substrates with a TS range of 2-
10% and practically it is used to treat sewage sludge, manure, household waste agricultural waste 
etc. or a combination of these substrates69. In this type of reactor mixing is done continuously 
and semi-continuously for the reactor to attain a homogenous substrate suspension70. In this type 
of reactors the effluent has the same composition as that in the reactor. This means that 
microorganisms and the rest of the material in the reactor have the same retention time, thus, the 
sludge retention time is equal to the HRT71. One major advantage of CSTR is that a good and 
continuous process can be maintained in the reactors72. 

  

                                                           
66 Yadvika et al. 2004, p.6 
67 Sentürk et al. 2010 p 844  
68

 www.climatetechwiki.org 
69 de Mes et al 2003 p.63 
70 Gerardi, 2003 p.143 
71 de Mes et al 2003 p.63 
72 www.engin.umich.edu 
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 3: Materials and methods 
 

3.1 Process situation at NSR 

The method used in this study is designed to simulate the operation process at NSR. Data from 
NSR plant (table 3.1) relates to week 6 when the inoculum and substrate used in this study were 
collected from NSR. These results will later be used to discuss and make comparison between 
the full scale and the lab scale simulations. 

Table 3.1-NSR reactors process data for week 4-7
66

. 

Parameters Units Average Reactor 1 & 2 
      

pH a SU 7.7 

Bicarbonate a mg/l HCO3 10200 

Alkalinity a mg/l HCO3 17400 

Acetic acid b mg/l 3400 

Propionic acid b mg/l 1500 

Total VFA a mg/l acetate eqv. 4570 

Methane conc. % 75 

Methane yield c m3 upgraded gas/kgVS fed 0.5 
OLR kgVS/m3and day 2.6 

a 
Average of 7 determination. 

 
b
 Average of 3 determinations.  

c
 Represents averages of gas production from 3 reactors. 

 

3.2 Reactor start-up and sampling 

The incubation experiment was performed in two lab-scale reactors (R1 and R2). The reactors 
were 5-L glass bottles with a large central opening and a small opening at the side of the bottle. 
Each reactor was equipped with two rubber stoppers with a hole at the centre; the hole in the 
large rubber stopper was used for stirring, and the hole in the smaller rubber stopper was used for 
feeding the reactor. Plastic tubes (Ø 10mm) were fitted to the holes in each rubber stopper, and 
the length of the tubes was enough to submerge in the reactor material to prevent aeration. 
Another tube (Ø 5mm) was put through the large central rubber stopper and it was connected to a 
gas meter (see section 3.3 for details). Both reactors were filled with 4 L of inoculum, obtained 
from Nordvästra Skånes Renhållnings AB (NSR) biogas facility (on the 9th of February 2011) 
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simultaneously flushed with nitrogen to ensure anaerobic conditions. A tape was used to mark 
the 4-L level on both reactors to facilitate adjustments of reactor material during feeding. After 
filling the reactors with inoculum, a stirrer was inserted through the central rubber stopper with 
its blades at the level corresponding to 1L mark. The reactors were incubated in a climate room 
at a constant temperature of 37ºC to maintain mesophilic conditions. The stirring rate was set to 
300rpm and was done continuously throughout the experiment. 

The reactors were fed daily with feedstock obtained from NSR biogas plant on the 9th of 
February 2011. Initial analyses were carried out on the substrate and inoculum (Table 3.1). Daily 
withdrawals of reactor sludge equivalent to the daily feed volume for reactors R1 and R2 were 
done in order to maintain a constant reactor working volume of 4 L. The substrate (waste mix) 
was mainly pre-treated household waste (24%), potato waste (22%), slaughter house waste 
(16%), diary waste (13), process sludge (12%), swine manure (7%) and other waste (6%)73.  
Swine manure and glycerol were additional substrates used in the experiment. Swine manure 
presently used in NSR reactors was delivered to NSR from farms near Helsingborg. 
Hygienisation of the swine manure was achieved by heating at 70ºC for 1 hour. Glycerol was 
used in the experiment to increase the organic loading rate (OLR), based on the assumption that 
the total organic content of glycerol is degraded during anaerobic digestion. The substrate was 
well mixed, before it was distributed into feed portions in 170-ml plastic bottles, which were 
then stored at -18°C. The volume of substrate for each reactor was adjusted when glycerol was 
added to increase the OLR and when swine manure was added to investigate its effect on the 
biogas process (see section 3.4 for details). 

 

Table 3.2 Characteristics of the feedstock and innoculum used during the entire experiment. 

Waste mix is the substrate mix from NSR. 

Parameters Units Innoculum 

feedstock 

       Waste mix Swine manure 

Total solids (TS)
 a

 % 4 9 7 
Volatile solids (VS)

 a
 % 60 83 80 

pH
 a
  SU 7.7 4.5 7.1 

Acetic acid 
b
 mM 41±4 79±8 110±9 

Propoinic acid
 b

 mM 12±1 52±5 34±1 
Butyric acid

 b
 mM - 31±3 19±1 

n-valeric acid
 b

 mM - 17±1 3 
Total VFA

 b
 mM 55±4 190±18 180±11 

 
a 

values are averages of two determinations  

b
 values are averages of two determinations ± standard deviations 

                                                           
73 Irene Bohn (2011), NSR 
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3.3 Methods for analysis of process parameters  

 

3.3.1 pH 

Every day after feeding, the pH of the withdrawn reactor fluid was analysed by means of a 
reference pH meter PHM93 (Bergman & Bering, Denmark) equipped with a glass electrode. 
Calibration of pH meter was done every week by measuring standard buffer solutions with pH 
7.0 and 10.0 respectively.  

3.3.2 Alkalinity 

The determination of the total alkalinity which is also known as carbonate alkalinity was carried 
out by chemical titration with HCl with the simultaneous removal of CO2

74. This determination 
was carried out once during the entire experiment due to the complex nature of the method of 
analysis. 

3.3.3 Volatile fatty acids (VFA) 

Volatile fatty acids (acetate, propionate, butyrate; isobutyrate, valeriate, isovaleriate, capronate 
and isocapronate) were analysed twice every week throughout the entire experiment according 
standard methods69. The method involves sample preparation by centrifugation of 1-ml of reactor 
material in an Eppendorf tube for 10 minutes at 12000 rpm, using an Eppendorf centrifuge 
5417C (Eppendorf, Germany). A micro pipette was used to transfer 400 µl of the supernatant 
into a small glass vial and 40 µl formic acid (50 mM) was added as an internal standard to each 
vial. The samples were analysed by means of a Hewlett Packard HP6890 (Hewlett Packard, 
USA) gas chromatograph (GC) equipped with an auto sampler injector and a flame ionising 
detector75. The injector had a temperature of 150ºC, while the detector was at 250ºC. The GC 
used He as the carrier gas with flow rate of 2 ml/min, whereas the detector used air, H2 and N2 
with flow rates of 250, 25 and 20 ml/min, respectively. 
 

3.3.4 Total solids (TS) and volatile solids (VS) 

Total solids (TS) and volatile solids (VS) of the reactor fluid (ca 20 mL) were determined once a 
week (two replicates per reactor) by standard methods76. Ceramic crucibles were used as sample 
container for the measurements, and samples were weighed using an analytical balance (Mettler 
AE200S, Sweden). An oven (Sires 400, Termaks, Sweden) was used for drying samples at 
105ºC, and for burning samples at 550ºC, an oven (2804, NABER, Germany) was applied. After 
                                                           
74 SIS (EN) ISO 9963, 1995 
75 A. Karlsson et al.,( 1999)  
76 APHA,1999 
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20hrs, the crucibles were placed in a desiccator to cool down before weighing and were then 
placed in a 550ºC oven for 2 h, then again cooled in a the desiccator before weighing. TS equal 
the difference between the wet weight before drying at 105 ºC and the dry weight. VS equal the 
difference between the weight before 550 ºC and the ash after 550ºC. The values of TS and VS 
are expressed as percentages.  The VS reduction was calculated for each week as follow: 

 

(1) VS-reduction% = 1-[[volume out x TS out x VS out] ÷ [volume in x TS in x VS in]] 

 

3.3.5 Gas measurements 

The gas produced from each reactor was measured by connecting the small tube from both 
reactors to a gas meter. The gas meters were customized water displacement gas flow meter 
acquired from Tema lab in Linkoping University. Beats recorded on each gas meter was used to 
calculate the volume of gas produced per hour and per day. Gas meters were exchanged between 
reactors R1 and R2 each week to minimise errors that can occur in one gas meter, which can be a 
high or low gas meter readings, and calibration of the gas meters were done every second week. 

 

3.3.6 Methane content 

Once a week gas samples were collected from each reactor (two replicates). Samples were taken 
feeding by use of a 1-ml plastic syringe; 0.5 ml was diluted into a 31.7-ml glass bottle before 
methane analysis. Once a week, a methane standard curve was constructed by measurement of 
three methane standards of methane concentrations at 0.065, 0.63 and 1.7%, respectively.. The 
methane samples and standards were analysed by GC (HP5880A, Hewlett Packard, USA) with a 
flame ionization detector77.  

3.3.7 Data analysis 

Experimental data obtained from both reactors for each period was analysed by arithmetic means 
and standard deviation to assess changes for each period. Variability of both reactors during the 
entire experiment was analysed using XLSTAT in Microsoft excel 2003, a non-parametric 
comparison of two samples (Wilcoxon signed-rank test / Two-tailed test)  was conducted to 
compare the difference between means for  gas production, pH, methane yield and the methane 
content for both reactors. This test will give us information on the variations obtained from the 
analysis of these parameters and state if they are significantly different or not, by looking at the 
significance of the P-value. Total solids, Volatile solids and VS-reduction with only 21 
observations was analysed by a Student t-test. A correlation analysis (Regression line and 

                                                           
77 A. Karlsson et al., 1999. 
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correlation coefficient R2) was also conducted to assess the linear relationship the variables have 
with increase in OLR over time.                                        

                

3.3.8 Other analyses 

 Metal analysis and substrate characterization was carried out by sending samples (waste mix and 
swine manure from NSR) to Eurofins Accredited Laboratory to determine the characteristics and 
composition of the substrate. End samples from period 2 and 3 for both reactors were also 
analyzed. Detailed results of the analysis are in reported in the Appendix B. 

3.4 Theoretical methane potential of substrate 

 

Theoretical methane yield from NSR substrate mix was calculated from the assumption that the 
substrate is composed of basically 66% carbohydrates, 31.8% Protein and 2.2% fats. Three 
model molecules (table 3.3) were used to represent carbohydrates, proteins and fats. The Buswell 
equation78 was used to derive the number of mol’s of methane produces from the anaerobic 
degradation process of various substances (appendix c), which was then used to calculate the 
volume of methane yield per gVS day-1 in this study.    

Table 3.3- Values from the Calculation of theoretical methane generated from the degradation of 

the substrate (carbohydrates, fats and proteins) used in the experiment in four experimental 

period per gVSday
-1   

 

Period Substance  Molecular 
formula 

Percentage 
(%) 

OLR 
(gVSd
ay-1) 

Molecular 
weight 
(g/mol) 

Amount 
    (g) 

Amount of 
substance 
   (mmol) 

Methane 
potential 
mLCH4/gVS 

 
1 

Carbohydrate  C6H10O5 66  
  
  2.5 

162.14 6.6 40.7  
 
534.3 

Protein C5.4H7.8O1
.4N1.4S0.1  

31.8 119.52 3.1 26.6 

Fat C55H104O6 2.2 861.34 0.2 0.26 
 
2 

Carbohydrate C6H10O5 66  
 
   3 

162.14 7.92 48.8  
 
521.6 

Protein C5.4H7.8O1
.4N1.4S0.1 

31.8 119.52 3.84 31.9 

Fat C55H104O6 2.2 861.34 0.26 0.31 
 
3 

Carbohydrate C6H10O5 66   
 
  3.3 

162.14 8.7 53.7  
 
520.4 

Protein C5.4H7.8O1
.4N1.4S0.1 

31.8 119.52 4.2 31.5 

Fat C55H104O6 2.2 861.34 0.29 0.34 
 
4 

Carbohydrate C6H10O5 66  
 
  3.6 

162.14 9.5 58.6  
 
521.2 

Protein C5.4H7.8O1
.4N1.4S0.1 

31.8 119.52 4.6 38.3 

Fat C55H104O6 2.2 861.34 0.31 0.37 

                                                           
78 Buswell and Mueller 1952, p550 
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3.5 Process operation parameters for reactors R1 and R2  
 

The reactors were operated for 150 days, and the operation time was divided into four periods 
(Table 3.4): Period 1 (stabilizing reactors), period 2 (increase in OLR to 3.0 gVS L-1 day-1) and 
increase of swine manure fraction in R2), period 3 (increase in OLR to 3.3 gVSL-1day-1) and 
period 4 (increase in OLR to 3.6 gVSL-1day-1). During period 1 a hydraulic retention time (HRT) 
of 28 days was applied with an OLR of 2.5 gVSL-1day-1 for both reactors. Each day 143 mL of 
reactor liquid was drawn from both reactors by the use of a 100- mL syringe and 125 mL of 
substrate in plastic bottles was used to feed the reactors. 18 mL of deionised wash water was 
used to rinse the feed portion bottles. To make the reactors similar in microbial culture and 
volatile fatty acids, 1 L of reactor liquid was extracted from both reactors and exchanged 
between R1 and R2 twice, i.e. on days 12 and 15. 

 Prior to the start of swine manure addition all operational parameters were regularly measured 
and monitored as well as throughout the entire experiment. During period 2, OLR of R1 and R2 
was increased to 3.0gVSL-1day-1 by adding 2 g of glycerol which is equivalent to 1.6mL. A 
micropipette was used to add 1.6 mL of glycerol to the feed portion every day before the reactors 
were fed. R1 was assigned as control digester while the investigation of the effects of swine 
manure was carried out in R2. During period 2 the substrate volume was adjusted in order to 
keep both reactors running at an organic load rate of 3.0 gVSL-1day-1, R2 was adjusted to receive 
92% of substrate including 2g glycerol and 8% swine manure while R1 received 100% substrate 
including 2g glycerol (Table 3.4), it should be noted that as a simulation of NSR reactor, 100% 
of substrate to R1 already contained 7% swine manure. Hygienised swine manure (8%) which is 
equivalent to 12 mL and 1.6 mL of glycerol were added to portion bottles containing 126 ml of 
substrate, making a total of approximately 140 mL feed portion which was fed in to R2 every 
day from day 45 until the end of period 2. Every day 136 mL of substrate was fed into the 
control reactor R1 for the same period. 

While maintaining all other conditions the same as in period 2, the organic load rate of R1 and 
R2 was increased on day 94 to 3.3 gVSL-1day-1 by adding 3.2 g of glycerol (2.6 mL) during 
period 3. After the addition of 2.6 mL glycerol each day, 137 mL and 141 mL of substrate was 
added to R1 and R2, respectively. During period 4 OLR was increased to 3.6 gVSL-1day-1 by 
adjusting the volume of substrate and glycerol from day 128, during this period 2.8 mL of 
glycerol was added to R1 and R2 and 12.7 mL swine manure was added to R2, after this 
addition, each day 149 and 151 mL was used to feed the R1 and R2 respectively (Table 3.4) until 
the end of the experiment. 
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Table 3.4- Process characteristic for biogas reactors R1 and R2 for each experiment period. 

Waste mix and manure obtained from NSR. Waste mix (pre-treated household waste (24%), 
potato waste (22), slaughter house waste (16%), diary waste (13), process sludge (12%), swine 
manure (7%) and other waste (6%). 

Reactor 
Experiment 
period(days) 

     Substrate 
Total 

Volume 

substrate 
ml/day 

  

Waste mix (ml) 
Swine 

Manure(ml) 
Glycerol 

(ml) 

Exchanged 
volume(ml) 

    OLR 
gVS/L.day 

HRT 
(days) 

1     (00-32) 125 - - 125 143 2.5 28 

R1 2     (33-93) 134 - 1.6 136 136 3.0 30 

3   (94-127) 134 - 2.6 137 137 3.3 29 

4 (128-150) 146 - 2.8 149 149 3.6 27 

   

1    (00-32) 125 - - 125 143 2.5 28 

R2 2    (33-93) 126 12 1.6 140 140 3.0 29 

3  (94-127) 126 12 2.6 141 141 3.3 28 

4(128-150) 136 12.7 2.8 151 151 3.6 26 
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Chapter 4: Results 
Two continuous lab-scale reactors R1 and R2 were monitored and evaluated for a period of 150 
days. Thus, data on pH, VFA, gas production, methane content, total solids (TS), volatile solids 
(VS) and VS-reduction were collected. 

4.1 pH    

The pH was measured daily for both reactors during this study and it stayed stable between 7.9 
and 8.1 for both reactors; there were no substantial variations in pH observed within reactors R1 
and R2 over time (figure 4.1). The Wilcoxon signed-rank test confirmed that there were no 
significant differences (Pvalue= 0.43) in pH between reactors. The average pH for the 21 weeks 
experiment over four different organic load rates was 8.0±0.05 and 8.0±0.04 for R1 and R2 
respectively (Table 4.2). R2 did not experience any change in the pH when swine manure was 
increased to 15% in the waste mix from day 46 until the end of the experiment.  

 

Figure 4.1 - Variation in pH level during the four experimental periods (І, ІІ, ІІІ and ІV). Values are 

averages from 5 daily measurements for reactors R1 and R2.               Shows the addition of swine 

manure.                  
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4.2 Volatile fatty acids 

 

The main VFAs present in the reactors were acetate and propionate. Butyrate, isobutyrate, 
valeriate, isovaleriate, capronate and isocapronate occurred at minute concentrations or below 
the detection limit (<0.6mM). Total VFA for each period is given in table 4.1, and figure 4.2a 
shows variations in total VFA. Propionate was degraded fast during period 1 and then remained 
below 1mM for both reactors until the end of the experiment. The concentration of acetic acid 
ranged between 12-17 mM in R1 and 13-21 mM in R2 (figure 4.2b) during period 1. The initial 
concentrations of acetic acid were 12 mM and 16 mM for R1 and R2, respectively. The VFA  
between reactors during period 1 was not similar, to make them similar in microbial population 
and VFA, 1L of sludge from each reactor was exchanged between reactors, and this was done 
twice in the second week (days 12 and 15) as mentioned above. At the end of period 1, the acetic 
acid concentration was at 13 mM for both reactors. Acetic acid concentration peaked at 33 mM 
in R1 and at 25mM in R2 with the increase in OLR to 3.0gVS.L-1.day-1 during period 2. Acetic 
acid concentration decreased then in both reactors until the end of period 2. In R2 the 
degradation of acetic acid was faster than in R1 and reached 5mM, while in R1 the acetic acid 
level stayed at 7 mM at the end of period 2. Lesser accumulation of acetate in R2 than in R1 
corresponds to an increase in swine manure on day 46 during period 2. Increasing OLR to 
3.3gVS.L-1.day-1 in period 3 did not result in increase in VFA in R2, and the acetate concentration 
decreased to 2 mM. In R1 the acetic acid temporarily increased to 11 mM but levelled off to 
5mM at the end of period 3 (Figure 4.2b). During period 4 (3.6 gVS.L-1.day-1) the total VFA 
concentration increased in R1 to 10 mM, while staying at 2 mM in R2 (Table 4.1). A Wilcoxon 
signed-rank test showed that during period 2, 3 and 4 there were a significant difference in acetic 
acid concentration in R1 and R2  (Pvalue< 0.05). The dynamics variation of the other VFAs found 
in both reactors is presented in appendix A.  
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Figure 4.2a – Variations in the concentration of total VFA in R1 and R2 during the entire 

experiment periods. Addition of swine manure on day 46 to reactor R2 (          ). Each 

experimental period is represented by the Roman numerals.     

 

            

Figure 4.2b - Acetic acid variation in R1 and R2 over the experiment period 1, 2 and 3 and 4. 

Each point represents one determination twice a week. The addition of swine manure on day 46 

to R2 (           ).   Each experimental period is represented by the Roman numerals.                 
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4.3 Gas production 

 

Biogas volume was measured daily in both reactors (Figure 4.3). The rate of biogas production 
increased substantially with increased OLR during the entire experiment. Gas production was 
stable and similar during the first 7 days. In the second week gas production in R1 dropped, 
which might be a result of malfunction of the gas meter. As mentioned above the reactor liquid 
extracted from both reactors was exchanged to make the microbial and reactor liquid content 
similar before increasing the OLR. After the reactor fluid was exchanged both reactors behaved 
similarly in gas production an example for a stable process. R2 receiving higher amounts of 
swine manure during periods 2-4 showed a more steady increase in gas production than R1 
which fluctuated with between high and low values. Also R2 produced more gas over periods 2 
to 4 than R1. A Wilcoxon signed-rank test confirmed that gas production in R1 and R2 were 
significantly different (Pvalue< 0.0001), also a regression line of best fit shows that R2 (R2=0.74) 
has a stronger positive correlation than R1 (R2=0.57) with increase OLR over time. The lowest 
daily average cumulative gas production during the entire experiment was recorded in period 1 in 
both reactors, 9 L in R1 and 10 L in R2, while the highest average values were recorded in 
period 4 for both reactors 15L for R1 and 16 ±1.3L for R2. During the 21weeks experiment total 
cumulative gas produced was significantly higher in R2 than in R1 (Table 4.2). The Wilcoxon 
signed-rank test showed that there were significant differences (Pvalue< 0.0001) in cumulative 
biogas production between R1 and R2 during the entire experiment.  
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Table 4.3 Biogas production as a function of time and OLR, values are daily cumulative biogas 

production.  Addition of swine manure to R2 on week 7 (day 46), (         .) Each experimental 

period is represented by the Roman numerals.                 

 

 

4.4 Methane content 

 

Methane analysis was performed once a week for both reactors. The methane concentration 
varied similarly for the two reactors throughout the experiment (figure 4.4) and averaged at 
69±3% and 68±3% for R1 and R2, respectively (table4.2) The Wilcoxon signed-rank test 
showed that there were no significant differences (Pvalue =0.26),  in methane content for both 
reactors. In this study variation might be due to method of analysis, increase in OLR and addition 
of glycerol. Data from online methane sensors was not used in the calculation of the methane 
content because measurements were not consistent. However some data collected at each period 
of the experiment gives an approximation of 24 hours methane concentration of 67±4%, peak 
value was observed before feeding and lowest value about 4 hour after feeding which increases 
to its peak until the next feeding (Appendix A, figure 3). Possible overestimation of methane 
concentration in this study can be as a result of instant samples taken before feeding reactors 
which did not reflect 24 hours methane content in both reactors, but since the same 
measurements were carried out for both treatments we can still say that the methane content was 
similar in both reactors during the entire experiment.  
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Figure 4.4- Methane content variations in R1 and R2 during the entire experiment as a function 

of time and increase OLR. Values are averages of replicates measured once a week for both 

reactors. 

4.5 Methane production and Methane yield 

 

Daily methane production (mL CH4 day-1) in both reactors increased similarly with increase OLR 
as shown in figure 4.5a, however the Wilcoxon signed-rank test showed that there were 
significant differences (Pvalue <0.0001) in the methane production between both reactors, but the 
differences was quite small. The regression line of best fit (figure 4.5a) and the correlation 
coefficient for R1 (R2=0.5) and R2 (R2=0.6) confirm the small difference between both reactors, 
with R2 producing methane slightly more than R1 during the entire experiment. 

The daily methane yield was expressed in mL CH4 gVS-1 (figure 4.5b). It was calculated as the 
volume of biogas produced multiplied by weekly methane content to get the methane volume per 
day and dividing the methane volume by the amount of volatile solids fed into the reactors per 
day. The highest average daily methane yield after the reactors were stabilized was recorded in 
period 2, 700±50mLCH4 gVS-1  for R1 and 800±5mLCH4 gVS-1  for R2 and lowest values were 
600±50mLCH4 gVS-1  for R1 during period 3 and 700±70mLCH4 gVS-1  for R2 during period 2, 
average methane yield for each period is reported in table 4.1. The average methane yield  varied 
from 670 ±100 to 720± 10 mLCH4 gVS-1   in R1 and from 720± 10 to 740± 40 mLCH4 gVS-1  in 
R2 from period 1 to 4, although the variation is small when both reactors are compared, the 
Wilcoxon signed-rank test confirmed that this is  significantly different (Pvalue <0.0001). 
Furthermore the methane yield for each reactor did not increase with increase OLR, they both 
showed week positive correlation R2= 0.01 and R2=0.005 for R1 and R2 respectively with time, 
this is confirmed by the flatness of the regression line (figure 4.5b)   
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However average values from each period (table 4.1) shows  methane yield increased slightly as 
a response to step wise increase in OLR in period 2 and 3 from 3.0 to 3.3 gVS.L-1.day-1, and R2 
receiving swine manure at a bit higher methane yield level than R1 in this period. Towards the 
end of the experiment in period 4 the methane yield slightly decreased. The calculated value for 
the methane yield was depended on the methane content, biogas production and the amount of 
volatile solid fed into the reactors. For example (figure 4.5a and b) the lowest methane 
production in R1 (590 mLCH4 gVS-1) correspond to lowest gas production in R1 on week 18, 
and the highest methane yield in R2 (before reactor was stabilized)  correspond to higher 
methane content during the second week and gas production.  

It was revealed in this study that Methane production and methane yield (experimental methane 
yield) was higher than the expected theoretical methane yield. As shown in figure 4.5c both 
reactors had a higher methane yield than the theoretical methane yield per gVSday-1 of the same 
substrate for each period.  

 

 

 

 

Figure 4.5a- Variation in methane production (mL) in R1 and R2 as a function of time and OLR . 

Values are daily production during the 21 week experiment.  Addition of swine manure to R2 on 

week 7 (day 46), (         ). Each experimental period is represented by the Roman numerals.      
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Figure 4.5b - Variation of methane production (mL) in R1 and R2, Values are daily 

determination during the 21 week experiment.  Addition of swine manure to R2 on week 7 (day 

46), (        ). Each experimental period is represented by the Roman numerals 

 

 

Figure 4.5c comparison of theoretical methane yield with the actual average experimental 

methane yield for R1 and R2 during each period per gVSday-1. 
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4.6 Total solids, volatile solids and VS-reduction 
 

Figure 4.6a and 4.6b shows the weekly TS and VS variations for R1 and R2. There were no 
substantial differences (Pvalue = 0.55) in TS between the reactors as showed by a student’s t-test. 
TS ranged between 3.6 to 4.3%, the average TS of the study was 3.8±0.2% for R1 and 3.9±0.3 
for R2. VS values varied between 58 to 62%, the student t-test showed that there were significant 
differences (Pvalue = 0.045) in VS between reactors which slightly increased with increasing 
OLR, average VS was 59±1% and 60±1% for R1 and R2 respectively. Missing values are weeks 
without determinations. 

 

 

Figure 4.6a – Total solid variation as a function of time and OLR according to each period. 

Values are averages of replicates carried out once a week for R1 and R2. Addition of swine 

manure to R2 on week 7 (       ).    Each experimental period is represented by the Roman 

numerals.                 
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Figure 4.6b - Volatile solid variation as a function of time and OLR. Values are averages of 

replicates performed once a week for R1 and R2. Addition of swine manure to R2 on week 7 (     )      

. Each experimental period is represented by the Roman numerals.                 

Figure 4.6c shows variations in Volatile solid reduction during the experiment, it was calculated 
using standard formula (1). Average VS-reduction for the entire experiment was 73±2% and 
72±2 for R1 and R2, respectively. With the increase in OLR during period 2 there was an 
increase in volatile solid reduction, which gradually decreased until the end of period 2. 
Additional increase in OLR in period 3 did not result in a significant increase in VS-reduction. 
VS-reduction decreased during period 4. The Student t-test showed that there were no significant 
differences (Pvalue = 0.065)   in VS reduction between R1 and R2 during the entire experiment 
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Figure 4.6c – Volatile solid variation during period 1-4 for R1 and R2. Values calculated from 

weekly average determinations of TS and VS.  Addition of swine manure to R2 on week 7 (      ). 

Each experimental period is represented by the Roman numerals.                 

 

Table 4.1- Summary of the parameters used for monitoring the stability and performance of R1 

and R2 during four different periods.  

Parameters Units      R1       R2   

    1 2 3 4 1 2 3 4 

pH
 a

 SU 8±0.04 8±0.1 8±0.1 8±0.04 8±0.04 8±0.1 8±0.1 8±0.04 

Acetic acid
c
 mM 14±2 18±10 5±3 6±2 17±3 13±7 2±1 2±1 

Propionic acid
c
 mM 2±1 1±0.5 0.1±0.1 0.5±0.5 4±3 0.3±0.3 - 0.1±0.1 

Total VFA
c
 mM 17±3 19±10 5±3 7±3 21±6 13±7 2±1 2±1 

Biogas production
 a

 L 10±0.7 12±1 13±1 15±1 11±0.1 13±1 15±0.1 15.5±1 

Methane conc.
 b

 % 68±4 70±3 68±3 68±3 68±4 69±3 67±3 67±2 

Methane production
 a

  mLday
-1

 6700±500 8300±100 8800±100 10300±700 7300±800 8900±900 9700±800 10300±600

Methane yield
 a

 mL gVS-1
 670±100 700±100 670±100 720±100 730±100 740±100 740±100 720±40 

Volatile solid removal
b
 % 71±3 74±1 75±0.3 74±1 71±2 72±1.7 73±2 72.3±0.1 

 TS
b
 % 3.6±0.05 3.9±0.2 4.1±0.04 4.2±0.1 3.6 3.9±0.1 4.1 4.3 

 Vs
b
 % 58±0.4 60±0.6 60±0.3 60±0.5 59±0.04 60±1 61 61.4±0.1 

 

a 
Average of  daily measurements during  each period n=1 

b
 Average of one determination a week during each period n=2 (two replicates). 

 c
Average of 2 determinations a week during each period n=2. 
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Table 4.2- Summary of the parameters used for monitoring the stability and performance of R1 

and R2.  

 Parameter Units Reactor R1 Reactor R2 

pH
 a
 SU 8±0.1 8±0.04 

Acetic acid
c
 mM 12±8 9±8 

Propionic acid
c
 mM 0.8±0.7 - 

Total VFA
c
 mM 13±9 11±9 

Biogas production
d
 L 1600 1700 

Methane conc.
 b

 % 69±3.1 68±3.2 
Methane production

 a
 mLday-1 8377±1300 8912±1265 

Methane yield
 a

 mLCH4 gVS-1 690±100 73±100 
VS removal

 b
 %  73±2 72±2 

 TS
 b

 % 3.9±0.2 3.9±0.3 
 Vs

 b
 % 59±1 60±1 

a 
Average of daily measurements during the 21week experiment for each period n=1

   

b
 Average of 21 determinations n=2 (two replicates) 

.
 c 

Average of 45 determinations n=2 

.
 d 

Cumulative value during the 21 week experiment n=1 
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 5: Discussion 
 

The purpose of this study was to evaluate if the increase of swine manure in the waste mix will 
allow NSR biogas plants to cope with increase OLR while still maintaining  process stability and 
improving the process performance. The investigation was performed using two continuously 
stirred tank lab-scale reactors. Monitoring the stability and performance of the biogas process 
were characterized by collecting data on: pH, volatile fatty acids (VFA), total and volatile solids 
(TS and VS), VS-reduction, biogas production and methane content. 

5.1 Process stability 

 During this study as presented in the experimental data, the pH remained stable in both reactors 
R1 and R2 with values ranging between 7.9 and 8.1. Methanogenic archaea has optimal pH 
range of 6.5 to 8.5; in general AD has optimal pH ranging between 7.0 and 8.079. Thus, then pH 
range in this experiment is considered favourable for the growth of the microbial culture present 
in the reactor and also help in the reactor stability. NSR substrate has 7% swine manure which 
was simulated in the control reactor (R1) and R2 (15% swine manure), the presence of swine 
manure in both reactors, although at different quantities, might have contributed to the stable pH 
throughout the experiment. This is in accordance with other studies co-digesting similar waste 
which reports that manure has a high buffering capacity80. The similar stable pH curve (figure 
4.1) explains that both reactors had a stable AD process, never the less it was difficult to judge 
the pH relationship with swine manure since both had similar pH results. The pH range at NSR 
reactors was maintained between optimal ranges (7.0-8.0) which is similar to the lab reactors 
probably due to a good buffering system at NSR reactors. 

One major factor which will result to pH decrease is the accumulation of VFA during 
acidogenesis. The accumulation of VFA in a system with low buffering capacity can result to 
process instability, since methanogens are sensitive to decrease in pH. During this experiment 
the main individual VFAs that had major contribution to the total VFA were acetic and propionic 
acid. There was an increase in volatile fatty acid in the start-up of the experiment; this result has 
also been observed in a previous study co-digestion food and vegetable waste, which reported 
that initial transitory increase in VFA, is distinctive in AD process, usually when microbial 
consortia are not yet stabilized in the new environment81. In period 2 of this study acetic acid 
accounted for the majority of the total VFA concentrations, with increase in OLR to 3.0 gVS.L-

1.day-1; it was observed that acetic acid concentration increased in both reactors. In period 3 and 

                                                           
79 Wieland,2010, p850 
80 Angelidaki and  Ellegaard 2003, p.97, Pind et al. 2002, p.795-796  
81 L. Habiba et al. 2009 p.1558 
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4 VFA fluctuated in R1 with an increase VFA concentration after each increase in OLR, while it 
was stabilized in R2 and there were no fluctuations when OLR was increased. As shown in 
figure 4.2b, lower accumulation of VFA in period 2 was observed in R2 (25 mM) than in R1 (33 
mM); it is likely that more swine manure in R2 might have favoured microbial growth which in 
turn enhanced the fast degradation of VFA in R2. 

Comparing the variation of intermediates with that obtained from NSR, the average acetic 
(3400mg/l = 57 mM) and propionic (1500mg/l = 20 mM) acid concentration in NSR reactors 
measured on week 6 when the inoculum and substrate was collected (table 3.1) were higher than 
average acetic acid 12±8 and 9±8 mM for R1 and R2 respectively and average propionic acid < 1 
mM. In addition NSR has a high total VFA concentration in its substrate 250-420 mM82, this 
might be a reason for high reactor VFA at NSR than in the lab-scale since unlike the lab-scale 
reactors, the full scale reactors are fed continuously. 

During this study it was observed that increase in OLR triggered an increase in VFA 
concentration in both reactors during period 2 but did not trigger any VFA increase in R2 alone 
during period 3 and 4. Variations in VFA in this study could be explained by another study 
showing that disturbance such as overloading and substrate changes could cause imbalances 
which can results to the kinetic uncoupling between acidogenesis and acetogenesis in AD, thus 
accumulating VFA83. Accumulation of VFA in this study did not result in decrease pH in any of 
the reactors. Sharp changes in pH are usually observed in a less buffered system. Stability in pH 
during this study was as a result of an adequately buffered system, which according to similar 
studies, waste streams with animal manure has a surplus of alkalinity, it is reported that the 
sufficient buffering capacity of manure is as a result of relatively high ammonia concentrations84. 

It is noted that increase in OLR with only glycerol to 3.3gVS.L-1.day-1 in period 3 did not result in 
the same increase in VFA in contrast to period 2. One explanation why VFA did not accumulate 
in the same way after increase in OLR as in period 2 might be that the VFA degraders rapidly 
adapts to a higher organic loading rate85, another reason might be that glycerol is a suitable 
substrate and when solely added in period 3 did not disturb the process, thus could rapidly 
degrade VFA in both reactors, this explains the variation in accumulation between period 2 and 
period 3 and 4. Changes made in the substrate mix to increase the OLR in period 4 demonstrated 
higher VFA concentrations in R1 (up to 10mM) than R2 (up to 3mM) as shown in figure 4.2b. 

Acetic acid is the most predominant VFA produced during AD86 which is converted to methane, 
thus acetic acid concentration has an inverse relationship with methane concentration. In this 
study decrease in acetic acid from week 6-10 corresponded to an increase in methane 

                                                           
82 Irene Bohn (2011), NSR 
83 Ahring B.K. et al. 1995 p.559-560  
84

 Pind et al. 2002, p.795, 796, wieland,2010, p851 
85 Pind et al. 2002, p.795, 796 
86 Gerardi, 2003 p.41 
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concentration from 66 to 74% in both reactors from week 7-10. However the methane/VFA 
relationship was not accurately established during the entire experiment, as all increase in 
methane concentration did not clearly correspond to a decrease in VFA, an explanation for the 
non-relationship might be that methane and VFA samples were not taken in a chronological 
timestamp.  

5.2 Process performance 

The biodegradability of organic matter to produce biogas is reported as a percentage of volatile 
solid (VS) removals in the system. VS reduction during this study ranged from 69 to 76% for 
both treatments. This indicates that an average of 73±2% and 72±2% of VS present in R1 and R2 
respectively was converted to biogas, similar studies digesting food and vegetable waste reported 
good biodegradability range at 65-85% VS reduction, which resulted to an increase in biogas 
production87, NSR reported an average 73±8% VS reduction (week 4 to 7), thus lab-scale and 
full scale reactors had similarly good biodegradability. Improved nutrient ratio and availability of 
organic substances during co-digestion will ease assimilation by microorganisms and thus 
increased biodegradability; this might be an explanation for the good biodegradation in the 
reactors with various co-digested substrates as compared to studies digesting similar wastes88. It 
was observed in this study that VS reduction increased in both reactors when OLR was increased 
in period 2, but did not show any further increase in period 3 and 4.  

The highest daily average gas production in this study was recorded in R2 which corresponds to 
16 L of biogas during period 4. In general it was observed that biogas gas production in R2 with 
additional swine manure was significantly different (Pvalue<0.0001) from R1 and R2 produced 
more biogas than R1 with increase OLR over time (figure 4.4), a likely explanation could be the 
increase of swine manure in R2. Studies have revealed that efficient biodegradability requires 
sufficient nutrients, macro-nutrients like carbon, nitrogen, potassium, sulphur and phosphorous 
and micro-nutrients (trace metals) such as Co, Zn, Ni, Se, Mo and Fe are necessary for optimal 
microbial growth, the presence of such nutritional requirements is also associated with the 
stability and performance of anaerobic digestion89. The optimum requirement for trace metals 
has been reported to be 280 mgL-1 to 50gL-1 (Fe); 5.9 to 120mgL-1 (Co); 12 mgL-1 to 5gL-1 (Ni); 
48 mgL-1 (Mo) and 79 to 790 mgL-1 (Se)90. Laboratory analysis (appendix B) shows the 
availability of such nutrients in the swine manure and the substrate used in this study, however 
R2 has slightly higher amounts of some macro-nutrients and trace elements (Co, Zn, Ni, Mo) 
than R1, but it should be noted that only Fe and Ni had considerable concentrations which could 
be compared with optimal values from AD operating energy crops and animal manure91. 
Furthermore swine manure addition also played a role as observed in the cumulative biogas 

                                                           
87 L. Habiba et al. 2009 p.1558 
88L. Habiba et al. 2009 p.1558 
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production during the 21 weeks experiment, R2 with additional swine manure had a higher 
cumulative biogas production than  R1 (table 4.2), a Wilcoxon signed-rank test showed that there 
were  significant differences (P value <0.0001)  in cumulative biogas production between R1 and 
R2.  

Analysis of methane content varied throughout the experiment but there were no significant 
differences (Pvalue = 0.26) between reactors. Swine manure addition did not have any 
considerable effect on the methane content in R2. Average values of the methane content are 
slightly lower than 75% reported by NSR92 treating the same substrates. 

Results (Table 4.1 period 2 and 3) suggest that increase OLR by increasing waste mix volume 
and adding glycerol increased organic material in both reactors which led to increase gas and 
methane production, an observation similar to previous studies which reported increased 
methane yield owing to the higher biogas potential on the additional organic load93. Wilcoxon’s 
signed-rank test showed that there were significant differences (P value <0.0001) in the daily 
methane yield trend for the reactors, these differences are really small (figure 4.5b). The 
regression line of best fit also showed that both reactors had weak linear relationship from their 
R2 values, this means that, with increase OLR over time mLCH4gVS-1day-1 did not increase 
linearly. However R2 showed a slightly higher CH4 yield in period 2 and 3 which could be 
attributed to the additional swine manure, since other studies suggest that micro-nutrients 
especially trace metals found in swine manure is admitted to act as a biochemical cofactors for 
methanogenic Archaea94, which might have contributed to increase biogas production in R2, as 
mentioned above R2 has slightly higher amounts of some macro-nutrients and trace elements 
than R1. Also another parameter which could affect the process performance is ammonia 
concentrations, NSR reactors were reported to performed better at ammonia level of 3.0g/L95 
thus an average of 2.6g/L and 2.8g/L ammonia found in R1 and R2 respectively during period 2 
and 3 was presumably not inhibitory to the AD process. 

It was observed that the methane yield in the reactors had average 132% efficiency during the 
entire experiment when compared to the theoretical methane yield (table 3.4), such high 
efficiency is unclear but might be due to overestimation of gas production by the gas meter or an 
underestimation of the fat composition during the substrate characterization analysis. For 
comparison between full scale and lab-scale, the methane potential of NSR waste mix after batch 
determination and the calculated expected methane yield was 520 mLCH4 KgVS-1 96 which is 
lower than the average calculated methane yield obtained from both lab reactors 690± 100 and 
730± 100 mLCH4 gVS-1 for R1 and R2 respectively (table 4.2).  This implies that the 
performance of the lab scale reactors was higher than in the full scale plant, reasons behind the 
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difference is unclear  but it should be noted that differences in the operation process such as 
feeding intervals and mixing could also cause the difference. 

5.3 Concluding discussion 

The effects of swine manure in co-digestion of various biodegradable wastes on the biogas 
process can still be evaluated irrespective of the results obtained from the control experiment. 
The result from the control reactor (R1) made it difficult to make a clear statement and 
conclusions on the effects of swine manure on AD process, since the control experiment which 
simulated the process at NSR also had some swine manure as well and some of the observed 
process parameters were similar in both reactors. Disturbing the anaerobic process by increase in 
organic loading rate was the parameter used to test and assess the effects of swine manure.  

Some process parameter measured in this study could reveal the stability and performance of 
both reactors. It was obvious until the end of the experiment that both reactors stayed stable and 
was producing more gas as the organic loading rate was increased. This implies that NSR should 
be able to operate their digesters with 15% swine manure without any process failure. Signs of 
instability could be seen when the OLR was increased in period 2. This was noted by an increase 
in total VFA in both reactors. Both reactors presumably had a good buffering capacity as an 
increase in VFA did not correspond to any drop in pH. The characteristics of swine manure co-
digested in NSR reactors might have been the explanation for a higher production of gas and a 
lesser VFA accumulation in R2, the presence of trace metals and nutrients as mentioned above 
are most likely to have contributed to these observations. 

This study suffered some limitations which otherwise could have provided clearer conclusions:  
the deficiency of treatments , two additional reactors with further increase in swine manure and a 
control reactor without swine manure could have helped to eliminate similarities in both 
experiments (R1 and R2) . Also different process disturbance of the system rather than just 
increase in OLR would have given more information on how swine manure affects the AD 
process in a system co-digesting various wastes. These two aspects are some recommendations 
for future studies conducting similar experiments. Another limitation of the study was based on 
the fact that the utilization of glycerol to increase OLR did not reflect how the OLR is or will be 
increased at NSR reactors, since the experiment was a simulation of the process at NSR. Finally 
a more consistent method to measure average 24 hours methane was lacking that is why the 
methane concentration and yield was likely overestimated. 
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 6: Conclusion 
 

This study presents the effects of co-digesting swine manure with substrate mix from NSR on the 
biogas process. These effects are revealed by monitoring the stability and performance of the 
anaerobic digestion. From the results obtained from two continuously stirred tank lab-scale 
reactors, the following conclusions were drawn. 

1. NSR can increase swine manure in their waste mix to 15% with a higher OLR between 2.5 
and 3.6 gVS.L-1.day-1 and still produce more biogas in their digesters. NSR can as well still 
produce more biogas at the current 7% swine manure content if the OLR increased. 
 

2. Biogas production increased in both reactors as a result of increased OLR. Cumulative biogas 
production from period 2 to 4, was slightly higher in R2 (1400L) with increased swine 
manure than in R1 (1300L). The characteristics of swine manure were likely the main reason 
for a slight increase in biogas production in R2 than in R1. Thus increase in swine manure 
likely contributed in the performance of the AD in R2. Glycerol also contributed in the 
increase in biogas production since R1 also showed an increase in gas production. 
 
 

3. The pH was stable throughout the experiment. Probably the composition of the substrate 
provided both reactors with a sufficient buffering system which could resist the increase 
OLR. Swine manure likely had contributed to the stability of the reactors due to its buffering 
capacity but not solely, other factors could be involved since pH was similar for both 
reactors. 
 

4. Increase in swine manure in R2 substrate mix observed a lesser accumulation of VFA in R2. 
The characteristics of swine manure likely favored faster microbial degradation of VFA in 
R2 than R1. R1 eventually was capable of degrading VFA towards the end of each period 
after each increase. Accumulation in VFA in both reactors did not cause any decrease in pH. 
This ensured the stability of the reactors. 
 

5. Good biodegradability was observed when increasing OLR, with increase VS reduction and 
increase biogas production. The biogas produced had an average methane content of 68±3% 
running at 2.5 to 3.6 gVS.L-1.day-1. Swine manure did not considerably affect the methane 
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content of R2. Methane yield was found to be similar between reactors; but however R2 with 
additional swine manure had a slightly higher mean value of 740±100mLCH4 gVS-1 than 
700±100mLCH4 gVS-1 for R1. 
 

6. Generally both reactors were similar and they coped and remained stable at an OLR of up to 
3.6gVS.L-1.day-1. Both reactors could probably still run with another increase in OLR, since 
they were still stable at 3.6gVS.L-1.day-1. 

 
7. Swine manure contained macro and micro nutrients which are known to favor AD, some of 

these macro nutrients (K, P) and trace metals (Co, Zn, Ni, Mo) were in a slightly higher 
quantity in R2 with additional swine manure than in R1, which might have enhanced the AD 
with a  increase in biogas production. 

Considering the results and conclusion made in this study, the amount of swine manure in NSR and other 
biogas plant can be increased in their waste mix (feedstock) to 15% and maintain a stable and performant 
process, but it should be noted that this present study did not investigate the extent at which swine manure 
addition could be inhibitory to the biogas process. 
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Appendices 
 
 

Appendix A: Graphical data 

 

 
 
Figure 1 – Variations in the concentration of individual VFA (mM) in R1 during the entire 

experiment periods. 
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Figure 2 – Variations in the concentration of individual VFA (mM) in R2 during the entire 

experiment periods. 
 
 

 
 
Figure 3-variations in 24 hour methane concentration for R1          , R2        and R3        . Data 

obtained between 5-8 July (period 4) 
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Appendix B: Tabulated data 

 
 
 
 

Table 1-Analysis results for reactor liquid sampled during the end of period 2 for both reactors, 

sample collected on 4/11/2011 

 

  
 
  

Analysis Name Units Reactor 1 Reactor2 Range Reference 
Dry matter % 3.8 3.9 ±10 SS-EN 12880 
Loss on ignition % Ts 60.7 60.7 ±10 SS-EN 12879 
Total nitrogen  % Ts 13 12 ±10 SS-EN 13342 
ammonium % Ts 7.4 6.7 ±10 St. Methods 1985 417 A+D mo 
phosphorus P mg/kg Ts 16900 16800 ±15 ICP-AES 
cadmium Cd mg/kg Ts 0.36 0.38 ±15 ICP-MS 
cobalt Co mg/kg Ts 3.5 4.8 ±20 ICP-AES 
copper Cu mg/kg Ts 60 69 ±15 ICP-AES 
iron Fe mg/kg Ts 14800 14700 ±15 ICP-AES 
potassium K mg/kg Ts 28500 29500 ±20 ICP-AES 
magnesium Mg mg/kg Ts 4500 4600 ±15 ICP-AES 
manganese Mn mg/kg Ts 210 230 ±15 ICP-AES 
molybdenum Mo mg/kg Ts 17 35 ±20 ICP-AES 
nickel Ni mg/kg Ts 80 170 ±15 ICP-AES 
selenium Se mg/kg Ts 1.4 1.6 ±20 ICP-MS 
sulfur S mg/kg Ts 10500 10500 ±20 ICP-AES 
zinc Zn mg/kg Ts 270 300 ±15 ICP-AES 

Source Eurofins accredited laboratory Linkoping. 
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Table 2-Analysis results for reactor liquid sampled during the end of period 3 for both reactors, 

sample collected on 5/30/2011 

 
 
 
 

         
Analysis Name          Reactor1 Reactor2 Range Reference 

Dry matter % 4.1 4.1 ±10 SS-EN 12880 

Loss on ignition % Ts 60.5 61.9 ±10 SS-EN 12879 

Total nitrogen  % Ts 12 12 ±10 SS-EN 13342 

Ammonium % Ts 5.9 7.3 ±10 St. Methods 1985 417 A+D mo 

phosphorus P mg/kg Ts 15900 16900 ±15 ICP-AES 

cadmium Cd mg/kg Ts 0.37 0.41 ±15 ICP-MS 

cobalt Co mg/kg Ts 4.6 5.4 ±20 ICP-AES 

copper Cu mg/kg Ts 62 80 ±15 ICP-AES 

iron Fe mg/kg Ts 14800 13700 ±15 ICP-AES 

potassium K mg/kg Ts 27500 29500 ±20 ICP-AES 

magnesium Mg mg/kg Ts 4300 5100 ±15 ICP-AES 

manganese Mn mg/kg Ts 210 250 ±15 ICP-AES 

molybdenum Mo mg/kg Ts 31 38 ±20 ICP-AES 

nickel Ni mg/kg Ts 150 180 ±15 ICP-AES 

selenium Se mg/kg Ts 1.5 1.4 ±20 ICP-MS 

sulfur S mg/kg Ts 9900 10500 ±20 ICP-AES 
zinc Zn mg/kg Ts 260 350 ±15 ICP-AES 

Source: Eurofins accredited laboratory Linkoping. 
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Table 3-Analysis results for swine manure used in experiment sampled on the 3/21/2011. 

 
   SWINE MANURE     

Analysis Name   Results Units Range Reference 

Dry matter  7.6 % ±10 SS-EN 12880 

Loss on ignition  82.6 % Ts ±10 SS-EN 12879 

Total nitrogen  8 % Ts ±10 SS-EN 13342 

ammonium  4.7 % Ts ±10 St. Methods 1985 417 A+D mo 

phosphorus P  19800 mg/kg Ts ±15 SS028150-2 

calcium Ca  24500 mg/kg Ts ±15 SS028150-2 

cadmium Cd  0.45 mg/kg Ts ±15 SS028150-2 

cobalt Co  <2.6 mg/kg Ts ±20 SS028150-2 

copper Cu  160 mg/kg Ts ±15 SS028150-2 

iron Fe  1400 mg/kg Ts ±15 SS028150-2 

potassium K  42000 mg/kg Ts ±20 SS028150-2 

magnesium Mg  9800 mg/kg Ts ±15 SS028150-2 

manganese Mn  480 mg/kg Ts ±15 SS028150-2 

molybdenum Mo  3.8 mg/kg Ts ±20 SS028150-2 

nickel Ni  3.7 mg/kg Ts ±15 SS028150-2 

selenium Se  3.5 mg/kg Ts ±20 SS028150-2 

sulfur S  8700 mg/kg Ts ±20 SS028150-2 

zinc Zn   870 mg/kg Ts ±15 SS028150-2 
Source: Eurofins accredited laboratory Linkoping. 
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Appendix C: Calculation of theoretical methane yield from substrate 

 

Methane formed from Carbohydrates 

C6H10O5 + 7H2O                    6CO2 + 12H2  
CO2 + 4 H2                                          CH4 + 2H2O                                                                                                      
3CO2 + 12H2                                       3CH4+ 6H2O                                                                                                     
C6H10O5 + H2O                       3CH4 + 3CO2.......... (1) 

From balanced equation 1, 1 mol of carbohydrate produces 3mol of CH4 

Methane formed from fat  

C55H104O6 + 104H2O                           55CO2 + 156H2                                                                                
CO2 + 4 H2                                            CH4 + 2H2O                                                                                  
39CO2 + 156H2                                    39CH4 + 78H2O                                                                              
C55H104O6 + 26H2O                              39CH4 + 16CO2..... (2) 

From balanced equation 2, 1mol of fat produces 39mol of CH4 

Methane produced from protein 

C5.4H7.8O1.4N1.4S 0.1 + 9.3 H2O + 1.3 H+                                5.4 CO2 + 1.4 NH4+ + 0.1 HS- + 11 H2                                 

2.76 × (4 H2 + CO2)                                                      2.76 × (CH4 + 2 H2O)                                                                                   
C5.4H7.8O1.4N1.4S0.1 + 3.8 H2O + 1.3 H+                            2.76 CH4 + 2.7 CO2 + 1.4 NH4

+ + 0.1 HS-...(3) 

From balanced equation 3, 1 mol of protein produces 2.76mol of CH4 

Amount of mol in period 1 (2.5gVSday-1) 
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Carbohydrate: (0.66*10gVS)/162.14= 40.71mmol *3 = 122.1mmol                                                                                                                
Protein: (0.318*10gVS)/119.52= 26.6mmol*2.76 = 73.2mmol                                                                                              
Fats : (0.022*10gVS)/861.38= 0.26mmol*39= 9.96mmol                                                    

Total amount of molCH4:  (122.1+73.2+9.96) = 205.25 

Methane volume in period 1: = nRT/P                                                                                                 

n=number of mols                                                                                                                         
T=310K                                                                                                                                                     
R=8.314                                                                                                                            

P=101300Pa                             = (0.205*8.314*310)/101300= 5.34L 

Methane Volume in Period 2 (3.0gVSday-1) from 246.3mmolCH4: = 5.21L  

Methane Volume in Period 3 (3.3gVSday-1) from 270.9mmolCH4: = 5.20L 

Methane Volume in Period 4 (3.6gVSday-1) from 295.5mmolCH4: = 5.21L 

 

 

 


