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1 Introduction 
The need for alternative fuels is a constant point on the environmental agenda and the 
importance of assessing the topic increases with time. Instead, as our global community 
grows, the quest to develop new and improved methods of supplying fuel is becoming 
increasingly important. Fortunately, there are many ingenious processes in nature that can 
help us to achieve this if they are understood and employed correctly. One of these processes 
is called anaerobic digestion which is the primary focus of the study contained in this paper. 
 
Initially, anaerobic digestion seems like a simple chain of events in which a sugar molecule is 
broken down by various microorganisms to eventually yield methane and carbon dioxide 
(Cordina et al, 1998). However, it is a much more complex microbiological process than this 
and it has great potential if it is understood properly and if the knowledge acquired is 
optimized (Hooper and Li, 1996). 
 
The need to develop alternative fuels presents us with three challenges: developing new 
methods, improving upon existing procedures and expanding the use of functioning 
technology in the field. Today, the common digestion process yielding biogas involves using 
sewage sludge as the substrate itself, the input material if you will (Wang et al, 1999). 
However, there is only so much sludge available for digestion at a sound economic price so 
additional input sources must be used as well. One method is to use cultivated cereal grains as 
they are composed mainly of carbohydrates, which are a good source of energy for the 
organisms that digest the substrate. For this process to take place, the grains must be diluted. 
It would be ideal not to use fresh water because although it is not scarce in Sweden, water is a 
very valuable and precious resource used in large-scale operations worldwide. Therefore, if 
water can be used from an already existing process then this would not only be 
environmentally sound but also very cost efficient. Taking this one step further, the resulting 
digested rest products can then be used to fertilize the land on which the grains are cultivated 
(Ejlertsson, pers comm.,a.). Viewing the process in this cyclic manner illustrates the scale of 
benefits that can be achieved by merely seizing upon simple opportunities that are presented 
to us in nature. 
 

2 Purpose and Objectives 
The overall purpose of the study contained in this thesis was to assess the possibility of using 
process liquids from the wastewater treatment plant in Linköping to dilute the grains that are 
intended to serve as substrate for biogas reactors. The hypothesis is that using process water 
from the treatment plant is feasible and that methane production reaches such profitable 
quantities that a facility could be run in this manner. Further, a hypothesis that the quality of 
the digested sludge was such that it could be justifiably used as fertilizer on land intended to 
harbor grains for digestion was tested. The thought behind reusing the process liquids is that it 
is economically, technically and environmentally advantageous to use water already contained 
in the process to fuel the anaerobic digestion of biogas production. Hence, a study was 
constructed to assess the microbiological aspects and environmental issues associated with 
such an application. 
 



  2 
 

 

There are two main questions that were used to guide the study and test the validity of the 
hypotheses: 
 
• Does the anaerobic digestion process function properly in the experimental biogas 

reactors, with consideration taken to the type of dilution liquid used? 
• Is the quality of the sludge produced in the experimental digestion processes such that it is 

possible to use it as fertilizer on the land designated for the cultivation of the grains that 
will serve as the substrate for the digestion process? 

 
 
Part I – Background 
In order to place the study, hypothesis and objectives in context, it is necessary to describe 
both the practical and theoretical background on which the study rests. Initially, a brief 
discussion of the premises on which the study took place will be presented. Subsequently, the 
main constituents of the anaerobic digestion process will be discussed. Finally, relevant laws 
and regulations on the topic of sludge usage will be assessed.  
 

3 The premises 

3.1 Tekniska verken – Wastewater treatment plant in Linköping, Sweden 
The treatment of sewage at the Linköping sewage treatment plant follows the same general 
principles that are common to all such facilities (Kruuse, pers comm.). In basic terms, the 
sewage comes into the plant and undergoes mechanical treatment followed by biological and 
chemical treatment. Throughout this process, material enters the sludge treatment step where 
pollutants are removed and the sludge is stabilized by anaerobic or aerobic digestion (Lind, 
1992). The simple figure below illustrates these basic principles of sewage treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The general principles of sewage treatment include mechanical, biological and chemical purification. 
The sludge from all three steps enters the sludge treatment step where it is stabilized and dewatered as a 
preparation for deposit, modified after Lind (1992). 
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The wastewater treatment plant in Linköping treats water from 120,000 citizens (Björkman, 
2002) and received about 17 million m3 of sewage in 2002 (Tekniska Verken i Linköping AB, 
2002). Mechanical, biological and chemical treatments are all in place and operate 
continuously.  
 

3.2 Reject water and sludge water 
Using water from a treatment process in anaerobic digestion would be advantageous seen 
from many perspectives. This study utilizes this idea and implores reject and sludge water as 
experiment material. The water that has been called reject water in this study is in fact the 
water that is left over from the centrifugation of sludge originating in the anaerobic digester. 
Centrifugation takes place in order increase the total solids content of the sludge before 
disposal (Kruuse, pers comm). This water is a light brown color and as runny as regular tap 
water. 
 
 
 
 
 
 
Figure 2. Simple sketch illustrating where in the treatment process the reject water is taken from, denoted by 
“X”. The sludge that has undergone digestion passes through a centrifuge in order to elevate the total solids 
content before the sludge is stored. The water resulting from the centrifugation is the reject water used in this 
study. The water is transported to the Sequencing Batch Reactor (SBR) for nitrification and denitrification. 
 
The anaerobic digester receives material from three different stages in the treatment plant 
mechanical, biological and chemical treatment steps. The material that enters the anaerobic 
tank is constantly stirred which means that some of the material in any sample taken will be 
fresh substrate and some will be older substrate. The retention period in the anaerobic tank is 
about 20 days total. In this study, the sludge water used is taken from the digester and is a 
mixture of all of the things described above. The liquid is black in color and is more sluggish 
than tap or reject water (Kruuse, pers comm). 
 
 
 
 
 
 
 
 
Figure 3. Sketch illustrating where in the treatment process the sludge water is taken from, denoted by “X” 
Sludge from mechanical, biological and chemical purification steps enter the anaerobic digestion tank. The 
retention period is about 20 days. The material is then transported to the centrifugation tank where the solid 
material is deposited and the water is treated in the Sequencing Batch Reactor (SBR). 
 
The thought behind using the described dilution liquids is that doing so would mean that the 
wastewater treatment plant would be alleviated the burden of disposing of the liquids in some 
way. Today the situation is such that the dilution liquids undergo various treatments, such as 
centrifugation and nitrogen removal, ultimately preparing them for disposal. Obviously, these 
efforts are associated with time and money that could be spent elsewhere. In addition, using 
the specified dilution liquids in the biogas process is a further development of the ambition to 
strive for a more cyclic process scheme within the plant. It was thought that testing both of 
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these liquids under experimental conditions would serve as an important indication as to how 
future efforts and tests should be conducted. 

3.3 Phosphorous 
There is an aspect of the use of these dilution liquids in anaerobic digestion pertains to the 
amount of phosphorous in the sludge. Cultivation of crops requires a constant and steady 
stream of nutrients, of which phosphorous often is the limiting factor. Phosphorous does exist 
in sludge, which makes it a source of this limited, but necessary element. Today, significant 
funds and efforts are focused on removing nutrients from various steps in the treatment 
process. Ideally, these nutrients should be used in some way, which is the thought behind 
fertilizing land with the digested sludge resulting from the digested cereal grains diluted in 
process liquids (Tideström et al, 2000). 
 
However, even if phosphorous is a necessary element, there are limit values set in conjunction 
with phosphorous use and application. Phosphorus applied to land cannot exceed 35 kg/ ha*yr 
for soils exhibiting phosphorous deficiencies, but the average application is about 20 kg/ 
ha*yr (Tideström et al, 2000). Hence, 20 kg P/ ha*yr will be used as a reference when putting 
the results of other variables pertaining to quality, such as heavy metals, in relation to 
fertilizer application and use. 
 

4 Microbiology 
The degradation of organic matter in environments devoid of oxygen proceeds in many 
different and interdependent steps and is carried out by specialized organisms (Zinder, 1984). 
The process is complex, sensitive and precise because of the joint efforts required by the 
bacteria involved. Understanding its functions and different steps is imperative if one wishes 
to optimize methane production. 
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Below is a sketch illustrating the main degradation pathways in anaerobic digestion. This 
figure will be referred to frequently in the brief description of the anaerobic digestion process 
that follows figure 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic sketch describing the main anaerobic degradation pathways. The sketch begins with the 
initial substrate and terminates with the end-products methane gas and carbon dioxide. The encircled digits 
represent: 1) Hydrolysis of a complex organic polymer; 2 and 3) Fermentation and anaerobic oxidation of simple 
complexes such as sugars and amino acids; 4) Acetogenesis where hydrogen-producing bacteria convert 
fermentation products to acetate, carbon dioxide and hydrogen; 5) Hydrogen-consuming bacteria convert H2 and 
CO2 to acetate and; 6 and 7) Methanogenesis where hydrogen-consuming Archae and CO2-reducing 
methanogens utilize products of acetogenesis to produce methane and carbon dioxide. Modified after Zinder 
(1984). 

4.1 Hydrolysis 
Hydrolysis, figure 4, encircled digit 1, is the first step required for microbial utilization of 
complex polymers. This step is a necessary prerequisite for the other steps because the micro-
organisms that ultimately produce methane are not capable of breaking down complex 
polymers. Rather, the initial substrates must be converted to simpler forms such as soluble 
monomers (Gujer and Zehnder, 1983). In the case of cellulose, for example, extracellular 
enzymes from a select group of microorganisms attack the cellulose molecule and break it 
down to cellobiose and glucose, which are the main hyrolysis products. These products then 
become substrates for the fermentation processes that follow (Zehnder, 1988). 
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4.2 Fermentation 
The substrates used in fermentation (figure 4, encircled 2) are the products of hydrolysis e.g. 
sugars, amino acids and long chain fatty acids. Groups of facultative and anaerobic 
fermentative or anaerobic oxidizing (figure 4, encircled 3) organisms utilize these substrates 
yielding compounds such as ethanol, acetate, propionate, H2 and CO2 as intermediary 
products (Gujer and Zehnder, 1983). Fermentation is a process in which reduced co-factors 
such as NADH are being oxidized. The regeneration of co-factors is vital to the process on the 
whole, as these co-factors serve as intermediary electron acceptors in the catabolic reactions 
that proceed continuously within the digestion system (Zehnder and Svensson, 1986). 

4.3 Acetogenesis 
Organisms use the intermediary products (fatty acid chains longer than acetate, such as 
propionate) resulting from fermentation and produce acetate, H2 and CO2 (figure 4, encircled 
4). This is a process in which H2 is produced and is dependent upon a low partial pressure of 
hydrogen in order to yield energy from degradation of the substrate to acetate (Gujer and 
Zehnder, 1983). The organisms that perform this conversion are very slow-growing and do 
not easily adapt to changes in the organic loading rate (OLR). They are sensitive organisms 
that require long periods to adapt to given conditions. If these organisms do not adapt to 
environmental conditions, methane production will decrease as the acetogens may limit the 
digestion of the organic material that is utilized by methane-producing species (Björnsson, 
2000). 

4.4 Methanogenesis 
The products from acetogenesis are utilized by methanogens, of group Archea in 
methanogenesis in order to produce the final products CH4 and CO2  (Björnsson, 2000). Over 
2/3 of the methane produced from anaerobic digestion is the result of decarboxylation of 
acetate to methane (figure 4, encircled 6), while the remainder results mainly from the 
reduction of CO2 (figure 4, encircled 7). Hence, acetate is the main substrate utilized by the 
methanogenic bacteria in the conversion process (Gujer and Zehnder, 1983). This is 
significant since there are few known species of bacteria that can do this (Björnsson, 2000). 
The acetoclastic reaction that converts acetate to methane is not dependent upon H2 partial  
pressure and proceeds regardless. However, the hydrogen-producing and hydrogen-
consuming bacteria are dependant on it to a very large degree. The hydrogen-consuming 
bacteria (figure 4, encircled 5) function better with a higher partial pressure of hydrogen, 
while the hydrogen-producing acetogenic species (figure 4, encircled 4) benefit from a lower 
H2 partial pressure. This gives rise to a compromise among the different species under any 
given H2 partial pressure. Ideally, the partial pressure of hydrogen should be within a narrow 
range where the majority of species function adequately for the majority of the time (McCarty 
and Smith, 1986). 

4.5 Metabolism – Process disturbances 
In the discussion surrounding the microbiological processes that occur, it is necessary to 
broach the topic of process disturbances as they are bound to occur on laboratory scale as well 
as in full-scale. The disturbance itself is really a reaction to some sort of change in the 
conditions affecting the reactor. One situation that can give rise to a series of different 
disturbances is overloading the digestion process with substrate. Overload means that the 
organic loading rate (OLR) is too large so the organisms cannot metabolize the substrate 
quickly enough. The activity of the methanogenic species is usually considered as being the 
rate-limiting step in this scenario, which may result in a build-up of acetate for example. 
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Acetate has an acidifying effect on the process, which results in a decreased pH. This in turn 
affects other organisms negatively in the chain that require a higher pH in order to function 
optimally (Zehnder, 1988). It is not always the case, however, that the methanogenic species 
are the rate-limiting step as even acetoclastic species may prove to limit the efficiency of the 
process. The result of such a scenario may be that methane production is in line with previous 
measurements, but the VFA concentrations are higher (Björnsson, 2000). 
 
Another result of an OLR that exceeds the capacity of the process is a build-up of hydrogen as 
the hydrogen-consuming bacteria become less efficient. This creates a problem for the groups 
of bacteria that metobolize propionate and butyrate for example. The problem is that the 
reactions that lead up to the degradation of propionate and butyrate are not energetically 
possible under the standard conditions. These reactions require a low partial pressure of 
hydrogen, achieved by hydrogen-removing organisms, in order to proceed exergonically. 
Hence, the partial pressure of hydrogen has great influence on which reactions are 
energetically favorable, and in turn which reactions do in fact proceed. Figure 5 illustrates the 
effect of the partial pressure of hydrogen on the change of free energy for the reactions that 
precede the formation of a few fatty acids (Zehnder, 1988): 
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Figure 5. The effect of the partial pressure of hydrogen on the change in free energy for the degradation reactions 
involving a few fatty acids. Hydrogen and acetate are produced and methane is eventually formed from hydrogen 
and carbon dioxide. Calculations can be referred to in Zehnder (1988). 
 
In figur 5, propionate is broken down and CH4 formed only in the area where the partial 
pressure of hydrogen is between 10-4 and 10-6 atm. On the figure, the triangle formed by the 
intersection of the propionate, CH4 and the x-axis represents the narrow range where both 
reactions are exergonic (Zehnder, 1988). 
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There are two rather simple ways of avoiding organic overload in the reactor. One way is 
simply to limit the OLR by putting less substrate into the reactor. Another way to decrease the 
risk of organic overload is to increase the hydraulic retention time (HRT). This is the time that 
it theoretically takes to replace all the material in the biogas reactor, though the total 
replacement percentage is actually only approaching 100 % for infinity after three retention 
periods. Removing 100 ml daily from a reactor with a volume of 3000 ml would mean a HRT 
of 30 days. Removing 50 ml daily from the same volume would increase the HRT to 60 days. 
The organisms have greater adaptation chances with a longer retention period, even the slow-
growing species. 
 
Insufficient trace element concentrations as well as toxic concentrations of other elements can 
also cause biogas reactor disturbances. It seems accepted that all methanogens require Ni, Co 
and Fe for growth. Sufficient levels of these trace elements are not absolutely essential, but 
inadequate amounts may require compensation in the form of a lower OLR for example 
(Zhang et al, 2002). This may in turn lead to a decrease in methane production which 
becomes associated with a decrease in overall biogas production. Increasing concentrations of 
these metals may be enough to stimulate the bacterial population enough to yield significant 
improvements in CH4 production (Jarvis, 1996). 
 
There are also situations where element toxicity plagues the process and results in a minor or 
extensive disturbance. Possible toxicity effects include elevated ammonium, heavy metal, 
sulphur and salt concentrations. Heavy metal toxicity is more probable in the beginning of the 
incubation period as this is when the methanogens are the most sensitive to stress (Cordina et 
al, 1997). Consequently, it is a good idea to initiate the process gradually and aim for stability. 
Should toxicity be suspected, it may be possible to correct the situation by increasing pH as 
many heavy metals exist in available forms only at a pH below 6 (Jarvis, 1996). 
 

5 The link between experiment and society 
It is necessary to establish a link between the experiments within this study and society in 
order to make claims on the usefulness of the process. Placing the results in context of the 
laws and regulations that govern how sewage sludge is utilized today seems like an 
appropriate way to gain this perspective. The issue of use is primarily a question of whether 
the quality of the sludge is such that it can be used to fertilize the land. Not surprisingly, there 
are many regulations that govern the usage of sludge within agriculture, industry and forestry. 
In this study, Swedish and European Union regulations were used in order to develop a 
foundation for the results to rest on. 

5.1 The Swedish Environmental Protection Agency 
The Swedish Environmental Protection Agency (SWEPA) has a collection of legislation that 
places demands on many environmental procedures and actions within Sweden. One of these 
protects the environment, specifically the land, when sewage sludge is used in agriculture 
(SNF, 1994:2). This study does not involve agriculture for the purpose of producing food for 
human consumption, but the legislation that governs agriculture will serve as a reference 
nonetheless. This is because the definition of agriculture within the regulation encompasses 
cultivation of grains used in the industrial and energy sectors.  
 
The usage of sewage sludge is prohibited in Sweden if the quantities of heavy metals exceed 
the limit values set by SWEPA. Aside from limit values of concentration on land, there are 
also critical values for the amount of metals that may be supplied on the land in conjunction 
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with usage of sewage sludge. These limit values are set out because exceeding them can 
ultimately inhibit growth of grains and cause damage to the ecosystem. Below is a table of 
these values: 
 
Table 1. Critical values for metals which may be present in arable land in Sweden and supplied to the land 
annually in accordance with the regulations presented in SNF 1994:2.  
Metal Concentration on land 

(mg/ kg total solids) 
Concentration supplied on land 
(g/ ha * yr) 

Lead (Pb) 
Cadmium (Cd) 
Copper (Cu) 
Chromium (Cr) 
Mercury (Hg) 
Nickel (Ni) 
Zinc (Zn) 

40 
0.4 
40 
60 
0.3 
30 
100 

25 
0.75 
300 
40 
1.5 
25 
600 

 
The values presented in table 1 are a way to regulate the usage of sewage sludge and a way to 
ensure that the quality of the used sludge meets the requirements set to protect the affected 
land. These Swedish regulations are based on the existing European Union directive on the 
subject. 

5.2 The European Union 
Since 1995 (http://europa.eu.int) Sweden has been a member of the EU and as this is the case 
is required to comply with the laws and regulations that passed in the EU parliament. The 
Swedish regulation described above is actually based on the EU directive entitled “Council 
Directive 86/278/EEG of 12 June 1986 on the protection of the environment, and in particular 
of the soil, when sewage sludge is used in agriculture”. 
 
In Article 2 of the directive, words used in the document are defined and clarified as mutual 
understanding of their definitions are of central importance to the correct implementation and 
interpretation of the directive. It is also important to clearly define these words because they 
are used in the text of this thesis as they are defined in the directive. The definitions as they 
are presented in the Council Directive 86/278/EEC Article 2 are reproduced below: 
 
For the purposes of this Directive: 
(a)'sludge' means: 
(i)residual sludge from sewage plants treating domestic or urban waste waters and from other sewage plants 
treating waste waters of a composition similar to domestic and urban waste waters; 
(ii)residual sludge from septic tanks and other similar installations for the treatment of sewage; 
(iii)residual sludge from sewage plants other than those referred to in (i) and (ii); 
(b)'treated sludge' means: 
sludge which has undergone biological, chemical or heat treatment, long-term storage or any other appropriate 
process so as significantly to reduce its fermentability and the health hazards resulting from its use; 
(c)'agriculture' means: 
the growing of all types of commercial food crops, including for stock-rearing purposes; 
(d)'use' means: 
the spreading of sludge on the soil or any other application of sludge on and in the soil. 
 
The European Union has clear directives on the usage of sewage sludge within agriculture and 
sets guidelines with regard to the heavy metal concentrations in the sludge. In Article 4 and 5 
of the directive heavy metals are discussed and the quantities that may be introduced into the 
soil are presented in Annexes IA, IB and IC (86/278/EEC). However, the values described by 
SWEPA will serve as the limit values in this study as they apply more directly and stringently 
to Sweden.  
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The directive requires regular analysis of the soil as a way to monitor, among other things, 
heavy metal concentrations. The EU also encourages member states to “draw up more 
stringent provisions than those laid down in this Directive” (Council Directive 86/278/EEC). 
This gives member states the opportunity to impose more strict regulations if they find it 
necessary, possible or sensible to do so. This is also why the Swedish values serve as the 
reference point in this study. 
 
 
Part II – Experimental Design 
This section consists of the information regarding the practical issues of the study. The biogas 
reactors, which serve as the main focus of the study and the main source of information for 
attesting the objectives, are discussed and described.  

6 The Biogas reactors 
Three biogas reactors have been used: one reactor in which the grains were diluted in tap 
water (TW), one with reject water (RW) and one with sludge water (SW). The design and 
construction of the reactors are important factors to take into account when interpreting and 
discussing the results gained from the study. All reactors had the same volume, initial 
mixture, retention times, temperature and feeding schedules. Initially, a brief description of 
the parameters similar to all three of the reactors will be discussed. The specific conditions 
that make each reactor unique will follow. 

6.1 Process conditions 
The biogas reactors consist of gas tight 5000 ml glass bottles kept in water baths at a constant 
temperature of 38°C making the process mesophillic (Zinder, 1984). The biogas reactors have 
two rubber hoses connected to them; one for injection of grains and extraction of samples and 
one connected to the gas meter. The hose for feeding and collecting sludge samples is 
clamped with a bag clamp in order to keep air out and gas in. The one that is connected to the 
gas meter is airtight, and has a three-way valve that can be opened to collect gas samples. A 
stirring mechanism consistently operating at 300 rpm about 5 cm below the liquid surface 
level is present in all three reactors, making them so-called continuous-stirred-tank-reactors 
(CSTRs). 
 
At the start of the experiment all the biogas reactors were initiated with a mixture consisting 
of one liter cow manure, one liter active sludge from the digestion tank (referred to as R5, 
figure 3) at the wastewater treatment plant and one liter active biogas sludge. The mixture 
exhibited high viscosity even though the cow manure was diluted 2.5 times. The reactors were 
started one week before the retention period began in order to acclimatize the mixture 
containing the bacteria. 
 
Table 2. pH and alkalinity of the initial mixture components used in the biogas reactors TW, RW and SW. 
Property Cow manure Active R5 Sludge Active Biogas Sludge 
pH (010131) 8.1 8.2 7.5 
Alkalinity (mg HCO3/l) 010131 2920 283 940 
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The alkalinity of TW, RW, SW was right under 10000 mg HCO3/ l for TW and RW, while 
SW had an alkalinity of about 8000 mg HCO3/ l. It is important to have initial alkalinity 
values because these values indicate the buffering capacity of the initial mixture, consequently 
indicating the resistance to acidification of the reactors, which may become a reality under the 
sensitive start-up period (Björnsson, et al 1997) 
 
The reactors were all fed with a 1:1 wheat-rye mixture, which was milled to a diameter of ca 1 
mm. During the course of the experiment, the organic loading rate varied, though the intention 
was to feed all reactors with the same amount daily. The retention time, or the time it 
theoretically takes to replace the entire volume of the reactor, for all the reactors was 30 days 
meaning that 100 ml was removed from each reactor daily as the reactor mixture had a 
volume of 3000 ml. 

6.2 The dilution liquids 
The three biogas reactors were all given the same type of substrate on a daily basis, but the 
liquid used to distribute the grains differed. As mentioned earlier, the reason for choosing 
these different dilution liquids was to attest the question of whether of not the biogas reactors 
could produce methane gas as a result of digesting grains in process water.  
 
Chemical make-up of the liquids differed somewhat making the conditions in each reactor 
different from the very first feeding at the point of start-up. There was some biogas potential 
in the process water dilution liquids, but it was negligible and has therefore been disregarded. 
The pH and total solids were measured on the sample that was used in the first feeding on 
February 10, 2003. The reject water had a pH of 8.2 and TS of 0.2 %, and the sludge water 
had a pH of 7.7 and TS of 2.8 %.  
 
On a daily basis, the biogas reactors each received 100 ml of the appropriate dilution liquid 
mixed with grains which served as the organic load. The tap water was included as a means to 
compare and contrast the uses of the different liquids. The tap water reactor received a 
mineral mixture regularly in order to compensate for using tap water. 
 

7 Methodology 

7.1 Samples collected 
As mentioned, 100 ml of sludge was removed from each reactor daily in order to get a 30-day 
retention period and maintain a constant volume in the reactor. From these 100 ml, samples 
were allocated and used for different analyses. A sampling plan was constructed and adhered 
to as closely as possible, though there were of course variations due to practical obstacles.  
 
The daily removal of 100 ml sludge was taken out of the reactor by means of a 100 ml 
syringe. Of this volume, 20 ml was frozen daily in a 150 ml plastic bottle in order to obtain 
weekly sludge samples. The rest of the sample was used for sludge analyses that will be 
described later. 
 
The dilution liquid that was used was also frozen in order to have access to a collective 
sample for future analyses. On a daily basis, 50 ml reject and sludge water was frozen. 
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Gas samples were collected in deflated toy helium balloons. A hose between the gas meter 
and balloon forced the gas into the balloon once it had passed through the gas meter. single 
samples were obtained by using a syringe in the three-way valve. 

7.2 Variables monitored and why 
In this study, there were variables that were monitored on a daily basis and others that were 
monitored on a weekly basis or a couple of times a week. Some variables need to be 
monitored daily as the information provided by the results are valuable indications as to the 
current status of the reactors. The variables monitored on a regular basis, but not daily, were 
useful complements to information obtained daily as well as providing a way to compare 
results with standard nomenclature.  

7.2.1 Daily 
Variables monitored on a daily basis included gas production and pH. The gas production was 
recorded daily as close to 24 hours after the previous recording as possible.  

7.2.2 Weekly  
Alkalinity was measured once every week as were total solids and volatile solids. Samples for 
volatile fatty acids (VFAs) and metals analyses were collected twice a week. Gas was 
collected for qualitative analysis once a week. Finally, tot-N and tot-P were analyzed a couple 
of times during the experiment.  

7.3 Methods used 
Gas meter. The gas production was measured by means of a digital gas meter. The hose 
connected to the gas meter led the gas to the water filled container and each time the gas 
reached the critical value; the gas meter registered one tick. These ticks were recorded daily. 
 
pH. The pH was measured daily according to SS 028122, second edition. 
 
Alkalinity. Alkalinity was analyzed according to SS 028139. 
 
TS/ VS. Total solids (TS) and volatile solids (VS) were analyzed on the premises according to 
SS 028113, first edition. Total solids reefers to the remaining solids after the water content in 
the sample has been removed. Volatile solids is a measure of the substrate available for 
digestion after the sample has undergone ignition by extreme heat.  
 
VFA. Volatile fatty acids (VFA) were analyzed by way of gas chromatography. The samples 
were prepared and analyzed according to Ejlertsson et al (2003). The chromatograms that 
resulted were altered in accordance with the internal standard and the VFA concentrations 
were obtained.  
 
Qualitative gas analysis. To gain an understanding of the type of gas that was produced in the 
biogas reactor, helium balloons were attached to the gas meter once a week in order to collect 
the gas and obtain an average sample. The balloons were kept on the reactors for about two 
days. A 1 ml syringe was used to obtain a sample and transfer it to a 30.778 ml glass sampling 
bottle. The contents were then analyzed by means of gas chromatography (Chrompack, model 
CP 9001) 
 
Metals. The samples were prepared and analyzed according to SS 028150 and values 
determined by using inductively coupled plasma/mass spectrometry (ICP/MS). 
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Tot-N and PO4-P. Tot-N was analyzed according to St. Methods 15 Ed, 418A and 
phosphorous was analyzed on the premises according to SS 028127, second edition.  

7.4 The “24 Hour Experiments” 
Three times during the study measurements were taken once every hour in order to see if 
there was any visible variation in the variables under the course of a 24-hour period. The 
information provided by these experiments was used primarily as a tool to analyze and 
interpret variations in the longer 90-day experimental period. 
 
The so called “24 Hour Experiment” was conducted on the 16-17 retention day in the first two 
retention periods and on the 13-14 day in the third period as there were practical obstacles day 
16-17. Data collecting started at 9:20 in all cases, which was 20 minutes after feeding. Not all 
variables were assessed, but four main variables were monitored every hour. 
 
pH, gas production, gas collection and VFA samples were collected for the duration of the 24-
hour period. These variables were chosen because it is rather simple to collect samples for 
analysis, which is advantageous in a situation requiring significant sample collection under a 
short time period. In order to document significant change immediately following feeding, gas 
production and gas samples were collected every 20 minutes from 9:00 until 12:00. Samples 
were then taken at 12:30, 13:00, 14:00 and so on until the morning hours when samples were 
taken every other hour (2:00-8:00). VFA and pH samples were taken once every hour 
beginning at 9:00 and terminating at 8:00 the following morning. Gas was collected in the 
same manner as for the weekly gas samples and VFA samples were collected and prepared for 
analysis. 
 
Results of the last two 24 hour experiments will be presented as the first experiment took 
place under the unstable start-up period. Experience and knowledge acquired from the first 
experiment was of great value when conducting the next two experiments, even if focus on 
the results of the first experiment is absent. For the second and third 24-hour experiments, the 
biogas reactors were fed 3.5 g VS/ l and 5 g VS/ l respectively. 
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Part III – Results and Discussion 

8 Results 
The results pertaining to the 90-day long experiment follow in the next section. The results 
themselves are divided into two sections; one in which the results from the three retention 
periods of each reactor are presented and one section in which results of two “24 Hour 
Experiments” are presented. In order to attain an overview of the results, graphs have been 
used frequently for illustration. 

8.1 The reactors separately 
The results for the three retention periods were evaluated grouped according to variables 
measured. As the nature of bioreactors is such that they are quite unstable and irregular 
directly following start-up, the discussion of the results will focus on the last 45 days of the 
90-day period. 

8.1.1 Gas production –Quantitative and Qualitative 
Gas production was measured by means of a gas meter and the ticks on the meter were noted 
on a daily basis. The following section summarizes the gas production for the three reactors. 
The gas production values are presented with regard to ml gas produced per gram VS fed. The 
time aspect is also taken into account when calculating gas production as it is not always 
certain that exactly 24 hours has elapsed since the last reading. Below is a summary of the 
average weekly gas production values for the duration of the experiment. The significantly 
lower last value for SW can be traced to a faulty gas meter and the value should be regarded 
as the result of a technical disturbance. 
 

Figure 6. Summary of the average gas production values for the three 
biogas reactors TW, RW and SW for 030210-030511. 
 
In addition, methane concentrations for the three reactors are presented as a means to quantify 
methane production specifically. Gas was gathered in the helium balloons mentioned above 
and the values obtained from analysis of the contents is presented below: 
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Table 3. Summary of the methane concentrations (%) obtained from collecting gas samples over a short time 
period. Missing value denoted by “X”. 
Date Days from start  % methane TW % methane RW % methane SW 
2003-03-17 
2003-04-04 
2003-04-11 
2003-04-22 
2003-05-04 

36 
54 
61 
72 
84 

42 
X 
46 
48 
42 

45 
44 
40 
34 
43 

46 
46 
42 
43 
41 

 
Methane concentrations were generally between 42 and 48 % for all reactors at all 
measurements. The highest methane concentration can be seen in the tap water reactor at 48 
% methane on day 84. The lowest methane concentration value was found in the RW reactor 
also on day 84. This value was a modest 34 % methane. 
 
Regarding methane production, it is important to keep in mind that although concentrations 
were quite similar for the duration of the experimental period, the methane quantity differs. 
For example, in reactor TW on day 36 the methane concentration was 42 %. Coupled with a 
883 ml gas/ VS this yields 370 ml methane. On day 84 the methane concentration was also 42 
%, but the gas production 665 ml gas/ VS or 280 ml methane. Hence, more methane was 
produced on day 36 even if the concentration was 42 % in both cases.  
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8.1.2 pH and alkalinity  
Measuring pH provides daily information as to the status of the bioreactor. Combined with 
alkalinity analyses, it gives a good idea about the state of the reactor. Below are three graphs 
that represent the pH values for the second half of the experiment. The first graph is the pH 
values for the TW reactor for days 45-90. The corresponding graphs for reactors RW and SW 
follow the tap water reactor. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 7, 8, 9. Measured pH values for the TW, RW and SW 
biogas reactors. The data spans days 45-90 of the experiment. 
 
 

pH TW - Days 45-90

6,5

7

7,5

8

45 49 53 57 61 65 69 73 77 81 85 89

Retention Day

pH pH TW

pH RW - Days 45-90

6,5

7

7,5

8

45 49 53 57 61 65 69 73 77 81 85 89

Retention Day

pH pH RW

pH SW - Days 45-90 

6,5

7

7,5

8

45 49 53 57 61 65 69 73 77 81 85 89

Retention Day

pH pH SW



  17 
 

 

Viewing the graphs, it is apparent that pH does not fluctuate much under the described time 
period. The span in the TW reactor was between 6.9 and 7.2. The RW reactor generally 
exhibits a higher pH than does the TW reactor and has a span between 7.0 and 7.6. There was 
a period of consistently decreasing pH values between days 23 and 32 in RW, which was 
followed by a period of increasing pH values again as the result of a corrective measure. 
Reactor SW has a minimum pH of 7.3 and a maximum of 7.7. The minimum value should be 
viewed with some caution, however, as it clearly deviates from values immediately preceding 
and following it. The span between minimum and maximum values is not great in any of the 
reactors. The significance with regards to pH is more appropriately directed at the 
inconsistency of the results as a higher value one day is quite often followed by a lower value 
the very next day. 
 
Alkalinity was attested on a weekly basis in order to get an idea of the buffering capacity of 
the reactors.  

Figure 10. The results of the alkalinity analyses that were 
carried out on sludge from the TW, RW and SW reactors. 
 
There was a clear drop in the alkalinity in reactor RW after the pH values had begun to 
decrease. After a corrective measure was implored, both pH and alkalinity increased again 
indicating a positive response to treatment. Generally, the alkalinity decreased with time in all 
reactors. The greatest buffering capacity was present in SW for all the analyses and the 
highest value was 11100 mg HCO3/ liter. RW had a buffering capacity closely resembling SW 
being lower than the tap water reactor only once. The tap water reactor had the lowest 
buffering capacity and also yielded the lowest overall value with 2500 mg HCO3/ liter. The 
decreasing trend is something to be aware of when operating reactors as decreasing alkalinity 
may be a precursor to periods of disturbance and inconsistency. 

8.1.3 Total Solids (TS) 
It is important to keep up to date with the TS of the sludge in the reactors not only to detect 
changes in the physical properties of the sludge, but also because the TS results are often 
included in analyses of other variables such as metal concentrations. Below are the results of 
the TS analyses: 
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Figure 11. The total solids (TS) for all reactors TW, RW and SW 
from 030206 to 030508. 
 
The TS for the SW reactor is higher than for both the TW and RW reactors, no doubt as a 
result of the dilution liquid used. For the entire period, the average TS values were 2.7 %, 2.7 
% and 4.1 % for reactors TW, RW and SW respectively. More significant is perhaps that, 
aside from the first couple of measurements immediately following start-up, the TS values did 
not deviate much from the average value and the reactors were relatively stable with regards 
to this variable. 

8.1.4 Volatile Fatty Acids (VFAs) 
The VFA analyses often registered many values as “not applicable” which means that the 
concentration was below the detection limit in most cases. This makes it difficult to illustrate 
the results. Acetate yielded the most complete data series for all the reactors and has therefore 
been given a closer look. 
 

Figure 12. The results of the VFA analyses for acetate for all reactors for the 
period 030206-030508. 
 
The pattern shows a high initial concentration followed by decreasing concentrations as 
stability is achieved in the reactors. This can most likely be traced to the long period that it 
takes for the methanogenic cultures to grow and acclimatize. An interesting increase and peak 
can be noted towards the end of the period in reactor RW. The increasing concentrations 
started day 64, peaked at 54 mM on day 72 to again decrease and stabilize towards the end of 
the period. Viewing the pH and alkalinity results we note that this is also the period when 
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these values decreased in RW. Reactors TW and SW did not exhibit this pattern and generally 
remained at concentrations 2 mM with a few fluctuations. 

8.1.5 Metals 
Metals were analyzed and values obtained for those which there were limit values described 
in SNF 1994:2. Table 4 is a summary of the results for reactors TW, RW and SW. 
 
Table 4. Results of the metal analysis conducted on the sludge from reactors TW, RW and SW on the given 
dates. Values are given in mg/ kg TS. 
Reactor Days 

from 
start 

Cd 
(mg/ kg 
TS) 

Cr 
 

Cu Hg Ni Pb Zn 

TW 1 0.53 61 120 0.13 0.00 5.6 420 
 24 0.34 73 67 0.01 0.00 3.1 230 
 44 0.37 170 63 0.03 0.00 2.6 240 
 58 0.63 410 100 0.10 0.00 3.4 380 
 68 0.00 170 44 0.03 21 1.3 170 
 82 0.12 130 37 0.02 38 1.1 150 
         
RW 1 0.26 40 72 0.02 0.00 4.5 230 
 24 0.45 93 100 0.03 0.00 6.7 320 
 44 0.25 47 61 0.01 0.00 3.4 210 
 58 0.26 38 48 0.01 0.00 2.6 180 
 68 0.24 38 40 0.00 0.00 2.4 170 
 82 0.20 23 42 0,00 16 1.6 140 
         
SW 1 0.31 20 73 0.06 0.00 3.4 240 
 24 0.43 100 110 0.11 0.00 6.7 260 
 44 0.63 180 170 0.26 0.00 12 360 
 58 0.72 180 180 0.06 0.00 13 390 
 68 0.57 210 150 0.06 0.00 12 330 
 82 0.48 190 140 0.05 0.00 14 300 
 
The values in the table correspond to metal concentrations/kg TS in the sludge from the three 
reactors. These values must be placed in relation to the values for phosphorus/kg TS that were 
obtained from analyzing the sludge in reactors TW, RW and SW. Doing so makes it possible 
to say something about the amount of metals that are applied to the land/ ha*yr when, 
hypothetically, 20 kg P/ ha*yr is used as fertilizer annually. 

8.1.6 Phosphorous 
The phosphorous content measured was given in mg PO4-P/ liter. The TS content of the 
sample at the time of the analysis was used to convert the analysis result to mg metal/ kg PO4. 
The results of the phosphorous analysis provide the information needed to calculate the 
amount of sludge that can be applied/ha land if guided by the 20 kg P/ ha*yr value. 
 
Table 5. Phosphorous values for reactors TW, RW and SW obtained from various analyses. 
Property Reactor TW Reactor RW Reactor SW 
Amount TS analyzed (g) 0.52 0.49 0.55 
TS (%)  5.1 4.8 5.5 
PO4-P (mg/l)  7.4 8.9 5.9 
PO4-P (mg/kg TS)  70 54 93 
20 kg P = x kg sludge TS 290 370 220 
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The table above shows that for reactors TW, RW and SW 290, 370 and 220 kg sludge TS/ ha 
can be applied to the land without exceeding 20 kg P/ ha*yr. This is in disregard to the 
phosphorous concentration already present in the land of the area in question. Rather, the 
values are in context of the maximum concentrations that may be applied to the area annually. 
 
Table 6. The results of the metals analysis calculated in relation to the specific TS of the sludge in each reactor 
and using kg P/ ha as the amount of P applied to the land annually. 
Reactor g/ kg P Cd Cr Cu Hg Ni Pb Zn 
TW 0.01 0.87 1.8 0.00 0.00 0.08 6.0 

0.01 1.0 0.95 0.00 0.00 0.04 3.3 
0.01 2.5 0.91 0.00 0.00 0.04 3.4 
0.01 5.8 1.4 0.00 0.00 0.05 5.4 
0.00 2.4 0.62 0.00 0.29 0.02 2.4 
0.01 1.8 0.53 0.00 0.55 0.02 2.2 
       

RW 0.01 0.75 1.3 0.00 0.00 0.08 4.3 
0.01 1.7 1.9 0.00 0.00 0.12 6.0 
0.01 0.87 1.1 0.00 0.00 0.06 3.8 
0.01 0.70 0.89 0.00 0.00 0.05 3.4 
0.00 0.71 0.74 0.00 0.00 0.04 3.1 
0.00 0.43 0.78 0.00 0.26 0.03 2.5 
       

SW 0.00 0.41 0.43 0.00 0.00 0.03 1.8 
0.00 0.25 0.46 0,00 0.17 0.02 1.5 
0.00 0.22 0.78 0.00 0.00 0.04 2.6 
0.01 1.1 1.2 0.00 0.00 0.07 2.8 
0.01 2.0 1.9 0.00 0.00 0.13 3.9 
0.01 1.9 2.0 0.00 0.00 0.14 4.2 

 
The Cd values for all samples analyzed were zero. The Cu concentrations in the sludge all 
have a large margin to the 300 g limit, (SNF 1994:2) and even Hg concentrations are well 
under the limit value in all reactors. The Pb concentrations are small when compared to the 25 
g value set by legislation. Zn concentrations are under the limit value, though there are 
significant variations between the samples, even from within the same reactor. The 
inconsistency is significant and says something about the lack of reliability of the reactors’ Zn 
concentrations. Ni was complicated to analyze at the time of the analysis and the results are 
not considered reliable. It appears that the values obtained from Cr analysis are the only 
values that are problematic with respect to exceeding limit values. An important point to be 
made regarding the metals results is that although almost all measured values fall well under 
the limit values, the inconsistency presents us with the possibility that values may deviate 
from these measured values even more in the future. 

8.2 The “24 Hour Experiments” 
In order to summarize the rather large amounts of empirical data acquired from conducting 
experiments over 24-hour periods, graphs have again been used to illustrate and conceptualize 
the results. The focus of the results presentation is to point out general trends and patterns that 
aid in the interpretation of the 90-day period rather than a thorough description of the detailed 
results of the 24-hour periods. As previously mentioned, four variables were measured during 
the 24-hour period; gas production, pH, VFAs and methane concentrations. Below is a 
summary of these four variables for the last two 24-hour experiments. The experiment 
conducted March 27-28 will be referred to as the first 24-hour experiment, while the 
experiment conducted April 23-24 is designated as the second 24-hour experiment in the text. 
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8.2.1 Gas production and pH 
For the experiment conducted March 27-28, the gas production for the three reactors was 
similar in the beginning of the time period, but differed later on in the day. Reactor TW was 
the most efficient in the beginning of the time period while RW was more efficient at gas 
production towards the end of the period. On the whole TW had a gas production of 7310 ml 
which amounted to 700 ml gas/ g VS. Reactor RW yielded the most gas at 8210 ml or 780 
ml/g VS while the SW reactor’s gas production amounted to 6380 ml or 610 ml/ g VS. In the 
beginning of the day, TW is clearly more productive than RW or SW as can be seen from the 
slope of the lines. RW later on in the day matched TW’s gas production before exceeding it in 
the early morning hours.  
 
The second 24-hour experiment, which ran from April 23-24, generally yielded more gas, but 
less gas produced/ g VS fed. The TW biogas reactor produced 9200 ml, which amounted to 
620 ml/ g VS. The RW and SW reactors produced 6580 ml and 8820 ml respectively. The 
total amount of gas produced translated to 440 ml/ g VS and 590 ml/ g VS. Here SW exhibits 
the most efficient gas production from the beginning. Reactor TW matched SW around 18 
hours of elapsed time and by the end of the experiment TW yielded the most overall gas 
production. Reactor RW is clearly deficient in gas production compared to TW and SW for 
the duration of the time period April 23-24. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Graphs representing the gas production for the two 24 hour experiments. Data spans a 24 hour period 
and values for the three experimental biogas reactors are present. 
 
Samples were taken every hour for the purpose of measuring pH. For the first 24 hour 
experiment, the TW reactor consistently demonstrated the lowest pH values through the 
course of the entire day. The SW reactor had the highest pH values, while the RW reactor had 
values slightly lower than SW. The difference between the highest and lowest values did not 
exceed 0.7 units for any of the reactors. The data collected April 23-24 shows that the SW 
reactor again had the overall highest pH values throughout the day. However, under this time 
period the RW reactor had the lowest overall values while the tap water reactor was in 
between the other two. The span between the highest and lowest measurements did not exceed 
0.4 for any of the reactors. Variations in pH with respect to time of day cannot be concluded 
as the values appear quite similar throughout the day with no major fluctuations.  
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8.2.2 Methane concentrations 
Methane concentrations were determined under the course of the day in order to see if there 
were any variations in methane production over the described period.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. The methane concentrations for all reactors from the first sample at 9:00 to the last sample at 8:00 the 
following morning. The graphs represent data collected March 27-28 and April 23-24. 
 
In both experiments, all reactors exhibited a high methane concentration immediately 
following feeding. Concentrations then decreased to remain stable until the early morning 
hours when concentrations in RW and SW increased slightly only to decrease again just prior 
to the next feeding. TW did not exhibit this pattern March 27-28 and instead decreased in 
methane concentration constantly from 14 hours elapsed time, though the last value should be 
regarded with some discretion. The average methane concentrations in TW, RW and SW were 
39 %, 42 % and 40 % respectively. 
 
For the second experiment conducted April 23-24, the methane concentrations in all the 
reactors were approximately at the same level in the beginning of the experiment and at the 
very end of the time period. This is an indication of the cyclic manner involved in the AD 
process. The average methane concentrations for this experiment were 46 %, 40 % and 42 % 
for reactors TW, RW and SW. 

8.2.3 VFAs 
The samples taken for VFA analysis reveal some interesting things about variation in VFA 
concentrations with respect to time. Below are graphs of the three reactors with respect to four 
VFA’s that were chosen for a closer look. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Graphs representing the VFA samples collected during the course of the 24-hour experiments. The 
data applies to reactor TW March 27-28 and April 23-24. Samples were collected for analysis once every hour 
and acetate, propionate, isobutyrate and butyrate were chosen for a closer look.  
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Figure 16. Graphs representing the VFA samples collected during the course of the 24-hour experiments. The 
data applies to reactor RW March 27-28 and April 23-24. Samples were collected for analysis once every hour 
and acetate, propionate, isobutyrate and butyrate were chosen for a closer look.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Graphs representing the VFA samples collected during the course of the 24-hour experiments. The 
data applies to reactor SW March 27-28 and April 23-24. Samples were collected for analysis once every hour 
and acetate, propionate, isobutyrate and butyrate were chosen for a closer look. 
 
In reactors TW and SW, the VFA concentrations increased immediately following feeding, 
peaked some time during the first few hours of the experiment and then decreased to 
ultimately reach initial concentrations just prior to the next feeding. This pattern is 
particularly noticeable when viewing the acetate concentrations in reactors TW and SW. In 
addition, it appears that propionate also follows this pattern to a certain extent, which 
becomes clear when consulting the results of the SW reactor, specifically the second 24-hour 
experiment (see figure 17). The VFA concentrations of TW and SW were generally between 0 
and 7 mM and the concentrations after 1 hour were comparable to those measured after 24 
hours. 
 
The VFA concentrations in reactor RW were higher and higher longer than those of reactors 
TW and SW. Consulting figure 16, it is clear that the pattern increase-peak-decrease, which 
describes reactors TW and SW, does not represent the data obtained from the VFA 
concentrations in RW. Rather, the results of the VFA analysis in RW demonstrate an initial 
concentration increase followed by a prolonged period of higher concentrations. The acetate 
concentration for the first 24-hour period did not either decrease to initial concentrations, as in 
TW and SW. Unfortunately, the second 24-hour period was affected by some analysis and 
internal standards problems, but viewing the results that were obtained it is clear that the 
acetate concentrations were high (78 mM 4 hours after the initial sample) for the duration of 
the 24-hour period. 
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9 Discussion 
Placing the results in context of the original questions of the possibility of using dilution 
liquids from a wastewater treatment plant in biogas reactors, there are a few issues that can be 
attended to. Generally, the reactors all exhibit periods of instability over the course of the 
experiment, reactor RW in particular with regard to VFAs. Methane concentrations do not 
vary greatly between the reactors, with one exception, which indicates that all reactors can be 
coupled with efficient methane production when compared to each other. The conditions seem 
to be in place to justify further experimentation with these biogas reactors. Process 
disturbances leading to instability is a major concern when discussing any form of production, 
and there were indications of disturbances in this study. These disturbances, especially in RW 
should alert us to reconsider the use of process water in biogas production. 

9.1 Process disturbances 
Process disturbances, or microbiological reactions to a certain stimulus if you will, are harder 
to denote as disturbances than one might think. This is because there are number of things that 
can go wrong having nothing to do with the anaerobic digestion (AD) process itself. This is 
especially true of disturbances associated with gas production since gas meters seem 
particularly susceptible to minor technical disturbances. Keeping newly calibrated gas meters 
available will hopefully limit the effects of these technical inadequacies. Under the course of 
the experiment, there was one disturbance associated with reactor RW that was particularly 
significant. Viewing figure 12 we see that acetate increased, summited and decreased again in 
RW towards the end of the period. This data in itself is revealing with regards to the general 
health of the reactor, and even more so when compared to other variables that were measured 
under the same period, such as gas production. Consider figure 18, which is a graph of the 
acetate concentration vs. the gas production in reactor RW for the entire duration of the 
experiment. 

Figure 18. The acetate concentration and gas production for 
reactor RW for the duration of the 90 day experimental period. 
 
The drop in gas production just prior day 50 can be traced to a gas meter, but the gas meter 
was functioning fine around day 80 when we again noted a drop in gas production. Around 
this time period the OLR was 5 g VS/ liter. Jarvis (1995) writes that OLR > 4.5 g VS/ liter is a 
critical point and that OLR exceeding this are often associated with process disturbances of 
some kind as the result of a microbiological reaction to a specific stimulus such as increased 
OLR. This phenomenon is further supported by the data provided by the methane 
concentration measurements. Consider figure 19, which combines the acetate concentration 
data and the methane concentration data for reactor RW. 
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Figure 19. The acetate concentration and methane concentration 
for reactor RW the duration of the experiment. 
 
The acetate concentration is again depicted in the figure and the increasing concentrations are 
apparent towards the end of the period. The methane concentrations are consistently around 
40 %, with the exception of the measurement from day 72 when the CH4 concentration was 
34 % as seen in table 3. Combined with the lower gas production and high acetate 
concentration this relatively low methane concentration illustrates some sort of biological 
reaction in the reactor towards the end of the experimental period. The build-up of acetate 
indicates the state of the delicate hydrogen-producing and acetoclastic methanogens 
(Björnsson et al, 1997). In the case of the RW reactor there was a clear increase in the 
concentration of acetate. The response of the various biological species in the reactor to the 
increased OLR was failure to metabolize all the substrate efficiently and consistently. The 
result was lower gas production and a decrease in methane concentration. The use of reject 
water as a dilution liquid may have had something to do with this series of events. 
 
When the situation was at its most critical, it was clear that some sort of corrective measure 
had to be taken. The OLR was 5 g VS/ liter, which is a quite a heavy load for a CSTR. The 
OLR was altered to 3 g VS/ liter in order to stabilize the AD process. The high acetate 
concentration also meant that the acetoclastic methanogens have substrate at their disposal 
and do not need to be burdened with more material before they have a chance to metabolize 
the build-up that is already present in the reactor. The lower OLR was maintained for 3 days, 
then 5 g VS/ liter was loaded, but divided evenly between two feedings; one in the morning 
and one in the afternoon. The reactor seemed to respond well to the allocation of substrate 
between two feedings. This, however, increases the effort associated with running the process 
and decreases the possibility of loading the reactor all at once. VFA values were again stable a 
few days after this correction. Increased gas production and methane concentrations further 
supported the conclusion that the process was stabilizing. 

9.2 VFA- 24 hr discussion 
Viewing the graphs describing the results of the VFA analyses of the 24 hr experiment, one 
can see a clear variation with time, especially in acetate concentrations. Using the first 24 
hour experiment as an example we see that the concentrations of acetate at time zero, i.e. 9:00 
March 27, amount to 1.1, 2.1 and 1.4 for reactors TW, RW and SW. In all three reactors the 
concentrations then increase until the morning hours when concentrations again decreased. 
The concentrations are moderate, but the significant point with regards to the graph is not the 
concentrations themselves. Instead, it is the pattern that is visible in the graph that is 
significant. The clear increase, summit and decrease provide valuable information with 
regards to the AD process and time aspect. Having this information at our disposal we are 
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better able to make decisions regarding OLR, both with respect to amount and timing. For 
example, it would not be appropriate to load the system with additional substrate when the 
VFA concentrations are at their absolute high during the day. The reactor would undoubtedly 
become overloaded and respond with a process disturbance of some sort. This disturbance 
may be a rapid fall in pH if, for example, the acetogenic organisms responsible for degrading 
propionate and butyrate are unable to metabolize the substrate at the same rate that it is loaded 
into the reactor (Mösche et al, 1999). A build-up of hydrogen may also inhibit the reactor by 
affecting the partial pressure of hydrogen in such a way that it is not beneficial to the 
methanogenic culture (Zehnder, 1988). Apparently, increasing the OLR at the wrong time can 
initiate a series of events that are very harmful to the reactor. However, there are time periods 
during the day that the VFA concentrations are low or decreasing to the point that an 
increased OLR may be possible without 
jeopardizing the future of the reactor. It 
appears in figures 15, 16 and 17 that 
acetate concentrations are stable at low 
levels after 2/3 of the time period has 
elapsed. Accordingly, it may be worth 
trying to load the reactor at this point in 
time in order to see if methane production 
can increase again without causing 
imbalance in the reactor. There are no 
sure ways of knowing how the process 
reacts to the increase in substrate, but 
biogas production is about optimizing the 
process and testing the limits without 
exceeding them. Hence, the only way to 
gain an understanding of what the limits 
are is to experimentally test them and 
make an educated guess as to the results. 
 
Referring to figures 15, 16 and 17, March 
27-28, that have been discussed above it 
appears that the concentration of 
propionate is very low in comparison to 
acetate. This is a positive thing for the 
reactor as it means that the electron sinks 
and long-chain fatty acids are being 
metabolized efficiently. There is, 
however, another interesting way to view 
the graph. Modifying the scale of figures 
15, 16 and 17 used on the y-axis for 
propinonate, isobutyrate and butyrate, 
figure 20 is achieved. 
 
The pattern exhibited by the acetate 
values becomes visible even in the data 
for propionate when the scale is modified. 
It seems that the concentrations for acetate 
and propionate follow the same pattern, the 
only variable that is different is the  

Figure 20. VFA data for reactors TW, RW and SW March 
27-28 when a secondary scale is used to define propionate, 
isobuytrate and butyrate concentrations. 
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concentration of the specific VFA. The observation is significant because it means that the 
methanogenic populations are able to digest acetate, CO2 is reduced and the hydrogen-
consuming populations are oxidizing H2 and CO2 to acetate (Zinder, 1984). During this 24-
hour period there did not appear to be any rate-limiting steps and the digestion process 
proceeded which is supported by the visible patterns in the concentrations of acetate and 
propionate. 
 
The data strengthens the hypothesis that the digestion process was efficient during this time 
period, more so in TW and SW than in RW, however. Viewing the methane concentrations 
registered for the duration of the experiment further supports the hypothesis that the AD 
process functioned efficiently during the described period. Figure 14, which illustrates the 
methane concentrations, presents us with a dilemma immediately following feeding. The 
initial feeling may be that methane concentration should be at their highest immediately 
following feeding. This, however, does not appear to be the case for any of the reactors during 
the 24 hour experiment. Referring to figure 4 we see that hydrogen-producing organisms 
break down compounds such as propionate and butyrate in acetogenesis and require a low 
partial pressure of hydrogen to do so (Zehnder, 1988). 
 
The point with regards to methane is that it is quite probable the methane gas contained in the 
reactor is still at its initial value, but it has become diluted as a result of stimulated reactions 
after feeding. CO2 is formed when alkalinity is consumed in the beginning of the period (Ecke 
and Lagerkvist, 2000). This CO2 leaves the system (and becomes part of the gas phase in the 
reactor) and dilutes the methane already in the reactor (Ejlertsson, pers comm,b). This pattern 
of decreased methane gas is visible for the first couple of hours of the experiment. However, 
we see that the drop in methane may not be anything to be alarmed over as the concentrations 
did in fact increase for many hours following the short period of decrease. 
 
The data gained from the 24-hour experiments proved to be a valuable tool when interpreting 
data over the 90-day period. This data, for example, makes it possible to make decisions 
regarding critical loads, appropriate OLR and system sensitivity with respect to elapsed time. 

9.3 Metals 
The first thing that comes to many peoples’ minds when the issue of sewage sludge 
application is brought up is the concern regarding heavy metal concentrations. The reason for 
analyzing metals in conjunction with this study was to alleviate this concern if it is not a 
legitimate one, or discredit the use of sludge if the concentrations prove to be in excess of set 
limits. The results of the analyses show that the heavy metal concentrations do not exceed 
limit values set by Swedish regulations when considering an application of 20 kg P/ ha 
annually.  
 
There are a variety of different fertilizing methods and materials used today. Fertilizer from 
cattle and swine are frequently used within agriculture to nourish the land. Some interesting 
notations can be made regarding heavy metal concentrations when TW, RW, cattle fertilizer 
and swine fertilizer are used. Values from cattle and swine fertilizer (Ejlertsson, pers. Comm., 
b) show that Cd in cattle fertilizer amount to 0.02 g/ kg P. In swine fertilizer the 
corresponding value is 0.01 g/ kg P. The average concentration in reactor TW was 0.01 g Cd/ 
kg P. RW and SW the average values also amounted to 0.01 and 0.01 mg Cd/ kg P. For all 
three reactors Cd concentrations were the same or lower than those measured in traditional 
cattle and swine fertilizer. Calculating the values for Cu, we see 1.0 g/ kg P, 1.1 g/ kg P and 
1.1 g/ kg P for reactors TW, RW and SW. The Cu values for cattle and swine fertilizer were 
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3.9 and 7.6 g/ kg P respectively (Ejlertsson, 2003). These two calculations illustrate that the 
heavy metals content of the sludge from the experimental biogas reactors all contain lower 
concentrations of Cd and Cu than do traditional cattle and swine fertilizers. When placed in 
context of the phosphorous application parameter it is clear that using sludge to fertilize 
would limit the amount of Cd and Cu applied to the land because applying 20 kg P via swine 
fertilizer, for example, would mean 150 g Cu while the same amount of RW sludge would 
only mean 23 g Cu. A similar scenario is true of Cd as the values for sludge are the same or 
less than those of either cattle or swine fertilizer. In line with comparing metal concentrations 
in different types of fertilizers, it is necessary to point out that although the sludge contained 
less Cd and Cu/ kg P than cattle or swine fertilizer, the values for Cr left things to be desired 
as these values were higher than that of the traditional fertilizers.  
 
Viewing the results of the metals analyses in this manner allows us to get an idea of the 
possibilities in society. The life-cycle would be complete if the sludge could be applied to the 
land that was intended to carry the next batch of grains used in the AD for biogas production. 
Seen from the perspective of the metal concentrations this is possible to do without exceeding 
limits set by regulations and laws. In addition, applying 20 k P on the land often meant that 
the metal load was less if sludge was used than if cattle or swine fertilizer was used. If this 
can be combined with an efficient and stable anaerobic digestion process there exists potential 
in the utilization of process water when using grains as substrate.  
 
It is necessary to point out that there are many variables associated with the slurry debate that 
have not been brought up in this study. Among them are organic acid concentrations, medical 
substances and potential pathogens. The problems associated with an eventual accumulation 
of heavy metals in the soil have not either been discussed. There are even ethical issues, such 
as the legitimacy of cultivating grains for the sole purpose of anaerobic digestion, have not 
been attested in this thesis though the issue is in no way trivialized. These variables require a 
closer look and evaluation if one is to initiate production on full-scale. 

9.4 General discussion 
The 90-day time period, which was the duration for the experiment may seem like a rather 
long period to conduct an experiment, gather data and analyze the data. However, the nature 
of biogas reactors is such that the start-up period is very unstable and sensitive and therefore 
the organisms in the reactors require an acclimatization period before efficient AD begins. 
Björnsson (1997) refers to days 1-120 of the experiment contained in the article as the so-
called start-period. Using this as a reference point, the entire experiment contained in this 
thesis falls within the start-up period. This is important to keep in mind when interpreting the 
results and whilst trying to draw conclusions from the data. This sensitive start-up period is 
the main reason for choosing to focus on days 45-90 as well as the second and third 24-hour 
experiments. Another reason for placing focus on the latter part of the time period is that the 
beginning of the period is associated with unfamiliarity with regards to technical aspects, 
analytical procedures and general behavior of the reactors. 
 
Clearly, the complexity of anaerobic digestion and all the sub-processes within it becomes 
apparent when one begins to consider what can go wrong. The difference between a 
functioning bioreactor and a nonfunctioning one is not all that great. Dilution liquids used 
seem to have an affect on the function of AD. Zinder illustrated that there is just a small 
window of H2 partial pressure where the majority of the organisms in an AD all function. 
Maintaining conditions that sustain the function of the majority of the organisms at any given 
time is the key to optimizing CH4 production. Methane will no doubt be produced regardless, 
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but if the quantities are so low that the process is unprofitable, the biogas production facility is 
likely to be a short tale. Thus, it is imperative that some general understanding and knowledge 
of this fine line of function is acquired before attempting at biogas production. Of course, it is 
also important that once a general foundation exists attempts are made at starting laboratory 
experiments and pilot facilities in order to further develop the knowledge and test the 
variables. This is a good way to get an idea of what works on the small scale and what 
processes are worth an investment. 
 
Regarding the data collected, there is always an aspect of uncertainty, human error, technical 
problems and analysis inconsistencies that all can effect the results. This study utilized many 
methods and analyses carried out by various people. Hence, results must be viewed with 
consideration to these aspects. It is important to relate the general, all-embracing results to the 
big picture and not become fixated at particular details. When applied appropriately, positive 
results from studies of this type may also serve as a way to justify future large-scale 
operations and developments. However, one must be careful when applying any research 
results on full-scale operations. The principles to follow are gradual change, close monitoring 
and patience. If these cautionary measures are taken from the very beginning, the process will 
no doubt benefit on the whole, which in turn will even benefit economical aspects in the long 
run. 
 

10 Concluding remarks 
This study was conducted over a relatively short period of time, but it is still possible to say 
something about using process water to dilute grains in anaerobic digestion. Inconsistencies 
and disturbances may prove to be more than a production facility can accept, though there is 
potential to optimize production by altering details of the process and imploring corrective 
measures when viewed necessary. The results of the study point in the direction that the reject 
water was least suitable as a dilution liquid, while tap water and sludge water gave more 
stable and consistent results over the 90-day period. Interpreting the results of 24-hour 
experiments further supports the point that the reject water was the least suited as a dilution 
liquid in AD. This is because negative tendencies present over the 90-day period with respect 
to VFA concentrations and gas production, for example, can be observed even over the course 
of a 24-hour period. 
 
The concern for the heavy metal concentrations in the sludge from the biogas reactors in this 
experiment is not justified according to the results presented in this study. It appears that 
using sludge from the reactors in this study would not compromise the current limit values set 
by legislation in Sweden. In addition, one must remember that the sludge would be intended 
for land that is used to grow grain for biogas production and not for grains intended for human 
consumption. 
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Methods and standards: 
SS 028113, Vattenundersökningar – Bestämning av torrsubstans och glödgningsrest i vatten, slam och sediment. 
 
SS 028122, Vattenundersökningar – Bestämning av pH-värde hos vatten. 
 
SS 028127, Vattenundersökningar – Bestämning av totalfosfor i vatten – uppslutning med peroxidsulfat. 
 
SS 028139, Vattenundersökningar – Bestämning av alkalinitet hos sötvatten. 
 
SS 028150, Bestämning av metaller med atomabsorptionsspektrometri i flamma. 
 
St. Methods 15 Ed, 418A - Bestämning av koncentration av nitrogenföreningar i vatten oxidation med 
peroxidsulfat och ultraviolet spectrophotometric metod. 
 
 


