
 Evaluation of pre-fermentation using
confectionery waste products for

two-stage anaerobic digestion
 

 

 
Björn Magnusson

 
2010-06-09 

 
LiU-Tema V-Ex-24 

 

 
 

 

 
Linköpings universitet, Inst. för Tema, Avd. för Vatten i natur och samhälle 

581 83 Linköping 

Tema vatten i natur och samhälle 

 



Presentation Date 
 
2010-06-09 
Publishing Date (Electronic version) 
 
2010-09-28 
 

 Department and Division 
Department of Thematic Studies –  
Water and Environmental Studies 
 
 

 

 
URL, Electronic Version 
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-57469 
 
 

Publication Title 
Evaluation of pre-fermentation using confectionery waste products for two-stage anaerobic digestion 
 
Author 
Björn Magnusson 
 
 

Abstract 

The finite amount of energy carriers affects all of us. It is important to utilize all available sources and to find new sources of 
energy. The confectionery industry generates both solid and liquid waste during the production of confectioneries, which 
could be utilized as a substrate for biogas production. However, problems might arise during the biogas process since these 
kinds of waste are very rich in carbohydrates. The initial breakdown of the substrate would probably cause an accumulation 
of fermentation products such as volatile fatty acids (VFA) and a low pH. A solution to this might be to use a two-stage 
process. The first stage would be a pre-fermentation that should be optimized for production of fermentation products such 
as ethanol and VFA. The aim of this master thesis is to evaluate the biogas potential of confectionery waste products. The 
confectionery waste products are evaluated using a continuous two-stage process, batch experiments and theoretical 
calculations of the methane potential. 

The potential from process wastewater was examined. Depending on COD reduction for a reactor and COD content of 
process wastewater, an annual amount of 75 000 m3 or of 857 000 m3 of process wastewater is necessary to produce enough 
biogas for a gas engine to continuously convert the biogas to electricity. A batch experiment evaluating the methane 
production potential of nine different confectionery waste products from a large confectionery industry gave a range of 
430 - 690 NmL/g VS, which is relatively high. A continuous experiment in two lab-scale reactors with a HRT of two days 
worked satisfactory. The gas production was stable periodically with a carbon dioxide content above 60%. The pH was low 
(3.4 - 3.6) throughout the experiment for one of the reactors. However, addition of digester sludge from a 
methane-producing reactor towards the end of the experiment resulted in a higher pH and more VFA available for utilization 
in the second stage. The main fermentation products were: acetic acid, lactic acid, ethanol and carbon dioxide. A second 
batch experiment showed that the methane potential was not affected by pre-fermentation. A carbon balance calculation of 
the process indicates that 57% of the ingoing organic matter is fermented within only two days and ends up in the known 
fermentation products. 

The study shows that confectionery waste products are well suited for two-stage anaerobic digestion. 
 
 

Keywords 

pre-fermentation, confectionery waste products, two-stage process, anaerobic digestion, biogas 
 
 

Language 
 
X English 
 Other (specify below) 
 
 
 
Number of Pages 
40 

Type of Publication 
 
 Licentiate thesis 
 Degree thesis 
 Thesis C-level 
X Thesis D-level 
 Report 
 Other (specify below) 

 

ISBN 
 
ISRN: Tema/TBM-EX--10/024--SE 
 

Title of series 
LiU-Tema V-Ex 
 
Series number/ISSN 
24 

 

Presentation Date 
 
2010-06-09 
Publishing Date (Electronic version) 
 
2010-09-28 
 

 Department and Division 
Department of Thematic Studies –  
Water and Environmental Studies 
 
 

 

 
URL, Electronic Version 
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-57469 
 
 

Publication Title 
Evaluation of pre-fermentation using confectionery waste products for two-stage anaerobic digestion 
 
Author 
Björn Magnusson 
 
 

Abstract 

The finite amount of energy carriers affects all of us. It is important to utilize all available sources and to find new sources of 
energy. The confectionery industry generates both solid and liquid waste during the production of confectioneries, which 
could be utilized as a substrate for biogas production. However, problems might arise during the biogas process since these 
kinds of waste are very rich in carbohydrates. The initial breakdown of the substrate would probably cause an accumulation 
of fermentation products such as volatile fatty acids (VFA) and a low pH. A solution to this might be to use a two-stage 
process. The first stage would be a pre-fermentation that should be optimized for production of fermentation products such 
as ethanol and VFA. The aim of this master thesis is to evaluate the biogas potential of confectionery waste products. The 
confectionery waste products are evaluated using a continuous two-stage process, batch experiments and theoretical 
calculations of the methane potential. 

The potential from process wastewater was examined. Depending on COD reduction for a reactor and COD content of 
process wastewater, an annual amount of 75 000 m3 or of 857 000 m3 of process wastewater is necessary to produce enough 
biogas for a gas engine to continuously convert the biogas to electricity. A batch experiment evaluating the methane 
production potential of nine different confectionery waste products from a large confectionery industry gave a range of 
430 - 690 NmL/g VS, which is relatively high. A continuous experiment in two lab-scale reactors with a HRT of two days 
worked satisfactory. The gas production was stable periodically with a carbon dioxide content above 60%. The pH was low 
(3.4 - 3.6) throughout the experiment for one of the reactors. However, addition of digester sludge from a 
methane-producing reactor towards the end of the experiment resulted in a higher pH and more VFA available for utilization 
in the second stage. The main fermentation products were: acetic acid, lactic acid, ethanol and carbon dioxide. A second 
batch experiment showed that the methane potential was not affected by pre-fermentation. A carbon balance calculation of 
the process indicates that 57% of the ingoing organic matter is fermented within only two days and ends up in the known 
fermentation products. 

The study shows that confectionery waste products are well suited for two-stage anaerobic digestion. 
 
 

Keywords 

pre-fermentation, confectionery waste products, two-stage process, anaerobic digestion, biogas 
 
 

Language 
 
X English 
 Other (specify below) 
 
 
 
Number of Pages 
40 

Type of Publication 
 
 Licentiate thesis 
 Degree thesis 
 Thesis C-level 
X Thesis D-level 
 Report 
 Other (specify below) 

 

ISBN 
 
ISRN: Tema/TBM-EX--10/024--SE 
 

Title of series 
LiU-Tema V-Ex 
 
Series number/ISSN 
24 

 



  



 

 

 

 

Evaluation of pre-fermentation using 

confectionery waste products for  

two-stage anaerobic digestion 

 

Björn Magnusson 

June 2010 

 

 

 

 

 

 

 

 

 

 

Supervisor: Andreas Berg 

 Scandinavian Biogas Fuels AB 

 Department of Thematic Studies – Water and Environmental Studies 

 Linköping University 

 SE-581 83 Linköping 

 

Examiner: Prof. Bo Svensson 

 Department of Thematic Studies – Water and Environmental Studies 

 Linköping University 

 SE-581 83 Linköping 

 

 

 

 

 

Evaluation of pre-fermentation using 

confectionery waste products for  

two-stage anaerobic digestion 

 

Björn Magnusson 

June 2010 

 

 

 

 

 

 

 

 

 

 

Supervisor: Andreas Berg 

 Scandinavian Biogas Fuels AB 

 Department of Thematic Studies – Water and Environmental Studies 

 Linköping University 

 SE-581 83 Linköping 

 

Examiner: Prof. Bo Svensson 

 Department of Thematic Studies – Water and Environmental Studies 

 Linköping University 

 SE-581 83 Linköping 

 



ii 

 

Copyright 

The publishers will keep this document online on the Internet – or its possible replacement –

from the date of publication barring exceptional circumstances. 

The online availability of the document implies permanent permission for anyone to read, to 

download, or to print out single copies for his/hers own use and to use it unchanged for non-

commercial research and educational purpose. Subsequent transfers of copyright cannot 

revoke this permission. All other uses of the document are conditional upon the consent of the 

copyright owner. The publisher has taken technical and administrative measures to assure 

authenticity, security and accessibility. 

According to intellectual property law the author has the right to be mentioned when his/her 

work is accessed as described above and to be protected against infringement. 

For additional information about the Linköping University Electronic Press and its procedures 

for publication and for assurance of document integrity, please refer to its www home page: 

http://www.ep.liu.se/. 

 

© Björn Magnusson, 2010. 

 

ii 

 

Copyright 

The publishers will keep this document online on the Internet – or its possible replacement –

from the date of publication barring exceptional circumstances. 

The online availability of the document implies permanent permission for anyone to read, to 

download, or to print out single copies for his/hers own use and to use it unchanged for non-

commercial research and educational purpose. Subsequent transfers of copyright cannot 

revoke this permission. All other uses of the document are conditional upon the consent of the 

copyright owner. The publisher has taken technical and administrative measures to assure 

authenticity, security and accessibility. 

According to intellectual property law the author has the right to be mentioned when his/her 

work is accessed as described above and to be protected against infringement. 

For additional information about the Linköping University Electronic Press and its procedures 

for publication and for assurance of document integrity, please refer to its www home page: 

http://www.ep.liu.se/. 

 

© Björn Magnusson, 2010. 

 



iii 

 

Abstract 

The finite amount of energy carriers affects all of us. It is important to utilize all available 

sources and to find new sources of energy. The confectionery industry generates both solid 

and liquid waste during the production of confectioneries, which could be utilized as a 

substrate for biogas production. However, problems might arise during the biogas process 

since these kinds of waste are very rich in carbohydrates. The initial breakdown of the 

substrate would probably cause an accumulation of fermentation products such as volatile 

fatty acids (VFA) and a low pH. A solution to this might be to use a two-stage process. The 

first stage would be a pre-fermentation that should be optimized for production of 

fermentation products such as ethanol and VFA. The aim of this master thesis is to evaluate 

the biogas potential of confectionery waste products. The confectionery waste products are 

evaluated using a continuous two-stage process, batch experiments and theoretical 

calculations of the methane potential. 

The potential from process wastewater was examined. Depending on COD reduction for a 

reactor and COD content of process wastewater, an annual amount of 75 000 m
3
 or of 

857 000 m
3
 of process wastewater is necessary to produce enough biogas for a gas engine to 

continuously convert the biogas to electricity. A batch experiment evaluating the methane 

production potential of nine different confectionery waste products from a large confectionery 

industry gave a range of 430 - 690 NmL/g VS, which is relatively high. A continuous 

experiment in two lab-scale reactors with a HRT of two days worked satisfactory. The gas 

production was stable periodically with a carbon dioxide content above 60%. The pH was low 

(3.4 - 3.6) throughout the experiment for one of the reactors. However, addition of digester 

sludge from a methane-producing reactor towards the end of the experiment resulted in a 

higher pH and more VFA available for utilization in the second stage. The main fermentation 

products were: acetic acid, lactic acid, ethanol and carbon dioxide. A second batch experiment 

showed that the methane potential was not affected by pre-fermentation. A carbon balance 

calculation of the process indicates that 57% of the ingoing organic matter is fermented within 

only two days and ends up in the known fermentation products. 

The study shows that confectionery waste products are well suited for two-stage anaerobic 

digestion. 
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Sammanfattning 

Den ändliga mängden av energibärare påverkar oss alla. Det är därför viktigt att utnyttja alla 

tillgängliga men även att finna nya energibärare. Konfektyrindustrin generar restprodukter 

(avfall) både i fast och flytande form, vilka båda kan utnyttjas för produktion av biogas. Det 

kan dock uppstå problem i biogasprocessen eftersom dessa innehåller en stor mängd 

kolhydrater. Den initiala nedbrytningen kan ge upphov till en ackumulering av VFA och ett 

lågt pH. En lösning på detta problem kan vara att använda en två-stegs process. Första steget 

är en för-fermentering, som ska optimeras för att producera fermentationsprodukter så som 

etanol och VFA. Syftet med detta arbete är att utvärdera biogaspotentialen från 

konfektyrrestprodukter genom att använda en kontinuerlig två-stegs process, batchförsök och 

teoretiska beräkningar av metanpotentialen. 

Potentialen undersöktes från processvatten. Beroende på COD reduktion i en reaktor och 

COD innehåll i processvatten, är en årlig mängd av 75 000 m
3
 eller av 857 000 m

3
 

processvatten nödvändig för att producera en tillräcklig mängd biogas så att en gasmotor 

kontinuerligt kan omvandla biogasen till elektricitet. Ett batchförsök med nio olika 

restprodukter från en storskalig konfektyrproducent visade en relativt hög metanpotential (430 

- 690 NmL/g VS). Ett kontinuerligt reaktorexperiment genomfördes i laboratorieskala med 

två reaktorer, där uppehållstiden var två dagar. De två för-fermenteringsreaktorerna presterade 

tillfredsställande. Gasproduktionen var periodvis stabil med en koldioxidhalt över 60%. pH 

var lågt (3,4 och 3,6) genom hela experimentet för en av reaktorerna. För den andra reaktorn 

gjordes tillsatser av reaktormaterial från en metanproducerande reaktor i slutet av 

experimentet. Dessa tillsatser ökade pH och totalmängden av VFA, som kan utnyttjas i det 

andra steget. Huvudfermentationsprodukterna är acetat, laktat, etanol och koldioxid. 

Ytterligare batchförsök visade att för-fermentation inte verkar påverka metanpotentialen för 

konfektyrrestprodukter. En kolbalans av processen indikerar att 57% av ingående kol 

återfinns i de kända fermentationsprodukterna inom två dagar . 

Studiens resultat visar att avfallsprodukter från konfektyrindustrin lämpar sig väl för två-stegs 

anaerob rötning. 
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1 Introduction 

The finite sources of energy carriers affect all of us, both the public and the industry. It is 

therefore important to utilize existing sources optimally and to find new sources of energy. If 

this is accomplished, both climate and financial aspects will gain advantages. One source for 

energy utilization is waste products. The confectionery industry generates waste products in 

terms of solid waste, e.g. not correctly manufactured products, from shifts between two 

different products and process water, e.g. cleaning water from reactors. The confectionery 

industry mostly disposes the solid waste products through combustion and the process water 

through a municipal wastewater treatment plant (WWTP). This means a cost, since they pay a 

fee to the one that takes care of their waste. 

If the confectionery industry can dispose their waste at a lower cost than today, there is an 

economical profit to be made. One way to do this is through anaerobic digestion and 

production of biogas. An advantage with anaerobic digestion for the confectionery industry, 

besides from taking care of their wastes, is that the industry will get a “green label” of their 

company stating that they have minimal impact on environment. However, the greatest 

advantage of using the biogas process to take care of the waste is lower dependence on fossil 

fuel. Instead of using fossil fuel to power an engine, biogas may be used as an alternative. 

Biogas may also be converted to electricity or upgraded to vehicle fuel. Thus, if not used by 

the company itself, the produced biogas can be sold and instead of paying someone else to 

take care of the waste, an income is generated, i.e. the waste have been converted into value. 

When confectionery products are used as substrate for biogas production, problems might 

arise as confectionery products are very rich in carbohydrates. The initial breakdown of the 

substrate would probably result in formation of large amounts of fermentation products e.g. 

volatile fatty acids (VFA). In combination with the pH-lowering effect of carbon dioxide 

formation from the fermentation, this would likely result in low pH (<6.5) and as a 

consequence, bad biogas process conditions. A solution to this problem is to add bases to 

neutralize the pH, which, however, is rather costly. An alternative solution is to have a two-

stage process. In a first stage a pre-fermentation should be optimized to produce fermentation 

products i.e. ethanol, VFA, etc. These compounds would then be used as substrate in a 

second, methanogenic, stage. An advantage of using a two-stage process is that carbon 

dioxide is formed in the first stage resulting in a higher methane content in the second stage 

compared to using a one-stage process. However, when using a pre-fermentation more 

biomass and hydrogen gas might be formed, compared to a one-stage process and, hence, a 

decrease in the methane production could occur. 
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2 Aim and objectives 

2.1 Aim 

The aim of this master thesis is to evaluate the biogas potential of confectionery waste 

products. The confectionery waste products are evaluated using a continuous two-stage 

process, batch experiments and theoretical calculations of the methane potential. 

2.2 Objectives 

To fulfill the aim above, seven objectives were posted. 

Process wastewater, UASB and biogas engine 

- How much process wastewater is necessary to produce enough biogas for a gas engine 

to continuously convert the biogas to electricity? 

- Will the Swedish confectionery industry be able to continuously produce electricity 

from biogas using solely process wastewater as substrate? 

Confectionery waste products digested in batch digestion 

- What is the methane potential of confectionery waste products? 

- What is the digestibility of the substrates?  

- How will the methane potential be affected by a two-stage process? 

Two-stage process using confectionery waste products as substrate 

- How will a continuous first stage reactor perform? 

- How will the performance of a continuous two-stage reactor system be? 
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3 Background 

3.1 Terminology 

Abbreviation Extended form Explanation 

ATP Adenosine triphosphate The principal energy carrier of the cell. When 

transformed free energy is released. 

COD Chemical Oxygen 

Demand 

Amount of oxidizing agent necessary to oxidize 

organic matter to carbon dioxide. 

An approximation of the organic content. 

GC-FID Gas Chromatograph 

Flame Ionization Detector 

An instrument used to separate and quantify different 

organic compounds in gas phase. 

GLS Gas-Liquid-Solid 

Separator 

A construction used in a UASB to separate the 

material of the different phases. 

HPLC High Performance Liquid 

Chromatograph 

An instrument used to separate and quantify different 

organic compounds in liquid phase. 

HRT Hydraulic Retention Time The average time the reactor material spends in the 

reactor (e.g. microorganisms and liquid). 

NAD
+
 Nicotinamide adenine 

dinucleotide 

(oxidized form) 

Activated carrier that accept H from a donor molecule 

in an oxidation reaction. 

NADH Nicotinamide adenine 

dinucleotide 

(reduced form) 

Carrier of electrons in oxidative phosphorylation. 

 Primary sludge The water from a WWTP that has been cleaned 

trough the first cleaning step. 

SRT Sludge Retention Time The average time a solid particle spends in the reactor 

(e.g. microorganisms). 

TS Total Solids Amount of dry matter left after heating in an oven at 

105°C for 20 h. 

VFA Volatile Fatty Acid Volatile organic acid that, among others, acts as 

intermediate product in the biogas process. 

VS Volatile Solids Amount of organic matter left after heating in an oven 

at 550°C for 2 h. Expressed as percent of TS. 

Amount of degradable organic matter. 

3.2 Anaerobic digestion 

A description of anaerobic digestion in relation to biogas production will be given below. The 

biogas process is divided into four different parts: Hydrolysis, Fermentation (Acidogenesis), 

Acetogenesis and Methanogenesis. These steps are presented below and depicted in Figure 

3.1. The microorganisms involved in hydrolysis and fermentation are closely linked, as are 

the microorganisms in acetogenesis and methanogenesis. However, all microorganisms are 

important and depend on each other in complex relations. (Weiland, 2010) 
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3.2.1 Hydrolysis 

During this step, polymers are broken down into monomers. A common denominator of 

different substrates is that the hydrolysis step often is rate limiting in the biogas process. This 

step is crucial for the microorganisms, since most polymers are too large to enter the cell. 

Carbohydrates will be broken down into different kind of sugars, proteins into amino acids or 

smaller polymers and lipids into glycerol and lipid acids. Since the microorganisms are not 

able to transport large polymers into the cell, they have to exudate enzymes and the 

degradation occurs extracellularly. Some microorganisms are able to degrade a multitude of 

substrates, and are called hydrolytic bacteria, while other are specialized on e.g. sugar 

(saccharolytic) or proteins (proteolytic). (Schnürer and Jarvis, 2009; Weiland, 2010) 

 

 

3.2.2 Fermentation 

The next step in anaerobic digestion is fermentation when microorganisms ferment the 

products from hydrolysis, i.e. the monomers, for energy utilization. The main fermentation 

products are ethanol, lactate, carbon dioxide, hydrogen gas and volatile fatty acids (VFA) 

such as acetate, propionate and butyrate. For a biogas reactor acetate and carbon dioxide 

together with hydrogen gas is important fermentation products, since these compounds are 

directly transformed to methane. Longer fermentation products have to be broken down into 

even smaller molecules before being converted to methane i.e. they need go through the next 

step called acetogenesis. (Schink, 1997) 

The same microorganisms that exudate the hydrolytic enzymes are often carrying out the 

fermentation step as well. However, there might be other microorganisms involved, which are 

called fermenting bacteria, and are solely performing the fermentation, not the hydrolysis. 

(Schink, 1997) 

Hydrolysis 

Fermentation 

Acetogenesis 

Methanogenesis 

Monomers 

Polymers 

Alcohols 

VFA 

CH4 + CO2 

H2 + CO2 Acetate 

Figure 3.1 - Schematic view of the biogas process. Modified from Apples et al., 2008 and Weiland, 2010. 
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3.2.3 Acetogenesis 

All fermentation products cannot be directly transformed to methane by the methanogens and, 

consequently, the fermentation products need to be further degraded. This step is crucial for 

the biogas process, since an accumulation of fermentation products may result in a decrease of 

pH, which disturbs the biogas process. The acetogenesis is performed by a type of bacteria 

called acetogenic bacteria. The degradation of these products is strongly related to the partial 

pressure of hydrogen. A low partial pressure of hydrogen (<10
-3

 atm) is necessary for the 

degradation to occur. The main products of the acetogenesis are acetate, hydrogen and carbon 

dioxide, which are directly used by the methanogens to form methane. (Schink, 1997; 

Weiland, 2010) 

3.2.4 Methanogenesis 

There are two paths to form methane in the biogas process: degradation of acetate or 

respiration using hydrogen and carbon dioxide. Only a few species are able to use acetate to 

form methane, while there are many which can use hydrogen and carbon dioxide. (Vogels, 

1988; Weiland, 2010) There is, however, a link between these two pathways. A special type 

of microorganism called homoacetogenic bacteria may use both hydrogen and carbon dioxide 

to produce acetate or vice versa. This is very useful for the process, since if one of the paths is 

inhibited, the other one can be used. (Schink, 1997) 

As mentioned above, a low hydrogen partial pressure (<10
-3

 atm) is necessary for the 

degradation of fermentation products (acetogenesis). However, the acetogenesis step also 

produces hydrogen. Therefore, the hydrogenotrophic methanogens are crucial for the process 

to work, since they consume hydrogen during the formation of methane and, hence, maintain 

a low hydrogen partial pressure. Since a large part of the carbon ends up in acetate from 

preceding steps, acetate is considered an important substrate for methanogens. (Schink, 1997; 

Weiland, 2010) 

3.3 Bacterial metabolism 

For this thesis the fermentation step is of special interest, why a deeper background is 

presented for this part of the biogas process. Fermentation is a process, where ATP is 

generated and organic compounds act as both electron donors and acceptors (substrate level 

phosphorylation). It can take place both in the presence and absence of oxygen. (Madigan and 

Martinko, 2006) The substrates that are used in this project contain high amounts of 

carbohydrates (section 4.1.2 and 4.3.2), therefore there are especially three different 

fermentations that are of interest: the fermentation to ethanol, lactic acid and mixed acids. All 

different types will probably occur, but the microorganism that utilizes the substrate, and 

convert it to energy, in most beneficial way will be favored and dominate the fermentation 

product pattern. 

3.3.1 Ethanol fermentation 

The most common organism to perform ethanol fermentation is the Saccharomyces species, 

common yeast, which is a facultative anaerobe. Thus, the fermentation may be performed 

both under aerobic and anaerobic conditions, but yeast will only grow for some generations 

under anaerobic conditions. The pathway yeast (among other microorganisms) uses to 

produce ethanol under anaerobic condition is given in Figure 3.2. When no oxygen is 

available, anaerobic microorganisms will avoid using the tricarboxylic acid cycle since it 

generates to high levels NADH-molecules, which are difficult to cope with under anaerobic 
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conditions. A way to do this is to prevent the formation of acetyl-CoA, since it is the starting 

point of the tricarboxylic acid cycle. The crucial step is when pyruvate is converted to 

acetaldehyde instead of acetyl-CoA, as is the case under aerobic conditions. As a result, the 

enzyme that catalyzes this reaction, pyruvate decarboxylase, is a key enzyme to the entire 

ethanol fermentation. If oxygen were available, the microorganisms would utilize oxygen as 

an external electron acceptor through the electron-transport chain to regenerate NAD
+
 instead 

of using acetaldehyde. The total reaction will convert 1 mol of glucose to 2 moles of ethanol, 

2 moles of carbon dioxide and 2 moles ATP. (Berg et al., 2007; Gottschalk, 1986) 

2 Pi

2 ADP

2 ATP

glucose

fructose-1,6-bisphosphate

2 ethanol

2 acetaldehyde

2 pyruvate

2 2-phosphoenolpyruvate

2 ATP

2 ADP

2 glyceraldehyde-3-P

2 1,3-bisphosphoglycerate

2 3-phosphoglycerate

2 2-phosphoglycerate

2 ADP

2 ATP

2 CO2

2 H2O

2 NADH + 2 H

2 NAD+

 

Figure 3.2 - Fermentation of glucose to ethanol. The fermentation pathway from glucose to ethanol used by 

yeast during anaerobic conditions. Modified from Gottschalk, 1986. 

3.3.2 Lactic acid fermentation 

The bacteria that produce lactate are either facultative or obligate anaerobes. These bacteria 

mainly use sugar as energy source and flourish when a lot of sugar is present. The formation 

of lactate takes place mainly through three different ways: Homofermentative pathway, 

Heterofermentative pathway and Bifidum pathway. (Madigan and Martinko, 2006; 

Gottschalk, 1986) 

The homofermentative pathway (Figure 3.3) is similar to ethanol fermentation, but pyruvate is 

used as final electron acceptor. The formation of lactate is catalyzed by the enzyme lactate 

dehydrogenase, while the formation of ethanol is catalyzed by alcohol dehydrogenase. This 

pathway produces 2 moles lactate and 2 moles ATP for every mol of glucose. (Berg et al., 

2007; Gottschalk, 1986) 

The heterofermentative pathway produces lactate, ethanol and carbon dioxide. The 

microorganisms that utilize this pathway lack the enzyme aldolase, which is used to break 

down fructose-1,6-bisphostphate to glyceraldehyde-3-phosphate. Therefore they use an 

alternative pathway to produce lactate together with ethanol and carbon dioxide: 1 mol 

lactate, 1 mol ethanol and 1 mol ATP for every mol glucose.  (Berg et al., 2007; Gottschalk, 

1986; Madigan and Martinko, 2006) 
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Figure 3.3 - Lactic acid fermentation through homofermentative pathway. A pathway to transform glucose 

to lactate through the formation of pyruvate. Modified from Gottschalk, 1986. 

The Bifidum pathway is a third pathway in which glucose is utilized to form lactate and 

acetate through a series of complex reactions. This pathway is of special interest in the present 

context, since it produces acetate, which may directly be utilized by the methanogens to form 

methane. It also has a higher ATP yield per glucose molecule than the other two pathways. 

The Bifidum pathway produces 2 mol lactate, 3 mol acetate and 5 mol ATP for every 2 mol 

glucose. (Gottschalk, 1986) 

The pathway utilized depends on which microorganisms are present. In the biogas reactor it is 

most likely many different types of microorganisms present, why all three pathways may be 

in operation. 

3.3.3 Mixed acid fermentation 

During mixed acid fermentation there is a variety of products formed. One example is 

formation of the acids acetate, lactate and succinate together with ethanol, carbon dioxide and 

hydrogen (Figure 3.4). Along with the degradation of glucose to pyruvate some intermediate 

products will be used to form succinate (minor product), while all others are formed after 

passing pyruvate, i.e. lactate or formate and acetyl-CoA. Acetyl-CoA will give rise to ethanol 

or acetate, while formate will degrade to carbon dioxide and hydrogen. The products passing 

pyruvate are called major products since this path is often preferred. (Bagramyan and 

Trchounian, 2003; Gottschalk, 1986; Madigan and Martinko, 2006) 

Important parameters influencing the fermentation product patterns are initial concentration of 

substrate, initial concentration of fermentation products and pH. At a low pH, the production 

of lactate tends to increase, while the production of the other possible end products tends to 

decrease. During the mixed acid fermentation equal molar amounts of carbon dioxide and 

hydrogen are formed. (Gottschalk, 1986; Grau, 1983).  

9 

 

2 ADP

2 ATP

glucose

fructose-1,6-bisphosphate

2 lactate

2 pyruvate

4 ATP4 ADP

2 glyceraldehyde-3-P

2 1,3-bisphosphoglycerate

2 Pi

2 NADH + 2 H

2 NAD+

 

Figure 3.3 - Lactic acid fermentation through homofermentative pathway. A pathway to transform glucose 

to lactate through the formation of pyruvate. Modified from Gottschalk, 1986. 

The Bifidum pathway is a third pathway in which glucose is utilized to form lactate and 

acetate through a series of complex reactions. This pathway is of special interest in the present 

context, since it produces acetate, which may directly be utilized by the methanogens to form 

methane. It also has a higher ATP yield per glucose molecule than the other two pathways. 

The Bifidum pathway produces 2 mol lactate, 3 mol acetate and 5 mol ATP for every 2 mol 

glucose. (Gottschalk, 1986) 

The pathway utilized depends on which microorganisms are present. In the biogas reactor it is 

most likely many different types of microorganisms present, why all three pathways may be 

in operation. 

3.3.3 Mixed acid fermentation 

During mixed acid fermentation there is a variety of products formed. One example is 

formation of the acids acetate, lactate and succinate together with ethanol, carbon dioxide and 

hydrogen (Figure 3.4). Along with the degradation of glucose to pyruvate some intermediate 

products will be used to form succinate (minor product), while all others are formed after 

passing pyruvate, i.e. lactate or formate and acetyl-CoA. Acetyl-CoA will give rise to ethanol 

or acetate, while formate will degrade to carbon dioxide and hydrogen. The products passing 

pyruvate are called major products since this path is often preferred. (Bagramyan and 

Trchounian, 2003; Gottschalk, 1986; Madigan and Martinko, 2006) 

Important parameters influencing the fermentation product patterns are initial concentration of 

substrate, initial concentration of fermentation products and pH. At a low pH, the production 

of lactate tends to increase, while the production of the other possible end products tends to 

decrease. During the mixed acid fermentation equal molar amounts of carbon dioxide and 

hydrogen are formed. (Gottschalk, 1986; Grau, 1983).  



10 

 

CoA

Pi

CoA

(H)

CO2

PEP

(H)

ATP

ADP

glucose

pyruvate

oxaloacetate succinate

CO2 (H)

lactate

(H)

formate

H2

acetyl-CoA acetaldehyde

(H)

ethanol
acetyl-P

acetate

ATP

ADP

ATP

ADP

 

Figure 3.4 - Mixed acid fermentation. One example of mixed acid fermentation that uses glucose to produce 

the major products ethanol, lactate, acetate, carbon dioxide, hydrogen gas and the minor product succinate. 

Modified from Gottschalk, 1986 and Madigan and Martinko, 2006. 

3.4 Process parameters 

To determine how the biogas process is progressing, it is of crucial importance to determine 

and measure some process parameters. Those selected for this project are listed below. 

The temperature of the reactor is of great importance for the performance of the biogas 

process. Anaerobic digestion is mostly operated at three different temperature intervals to 

support psychrophilic (0-20°C), mesophilic (20-42°C) or thermophilic (42-75°C) 

microorganisms. The general behavior of a biogas reactor in relation to temperature is that the 

lower the temperature, the longer is the digestion time. (Rajeshwari et al., 2000) 

The different parts of the digestion are affected more or less by the temperature. The first two 

steps (hydrolysis and fermentations) are not affected much, since there are a wide variety of 

microorganisms that are able to perform these tasks. Therefore, there will always be some 

microorganism that has its optimum at a chosen temperature. However, at higher temperature 

a higher solubility of the substrate will occur and, hence, indirectly affect how well these steps 

are performed. The third and forth step (acetogenesis and methanogenesis) are more sensitive, 

since the flora of microorganisms that can perform these steps is more limited than the 

fermenters. (de Mes et al., 2003; Rajeshwari et al., 2000) 

The hydraulic retention time (HRT) is the average time a volume element spends in the 

reactor. With a longer HRT more reactor liquid can be digested. This parameter decides how 

much of the reactor liquid that is exchanged each day. HRT is chosen in line with the balance 

between the necessary time for the substrate to be digested and the economical aspect (size of 

reactor, access of substrate, etc.). (Appels et al., 2008; Dugba and Zhang, 1999) 
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Another important process parameter is the sludge retention time (SRT). This parameter is 

very similar to HRT, but considers the average time a solid particle (e.g. microorganism) 

spends in the reactor. Very often, SRT and HRT are the same, but in some “high-rate process 

systems” i.e. at low HRT, the microorganisms are not able to grow in the same pace as they 

are washed out. Therefore the solids have to be retained in the system to be functional. This 

can be achieved through different technical solutions, e.g. reactor type and filter. Another 

important aspect is that the microorganism will adapt better to the environment with at a large 

SRT. (Appels et al., 2008; de Mes et al., 2003; Schnürer and Jarvis, 2009) 

Total solids (TS) describe how much material that is solid in the biogas rector. Among the 

solid is the microorganisms represented. Therefore, by following how TS is the changing, it is 

possible to draw conclusions about biomass growth and substrate degradation. Volatile solids 

(VS) describe how much material that the microorganisms may degrade during anaerobic 

digestion. It is common to specify VS as percentage of TS. The TS content of a substrate may 

vary from a few percentages up to 100 percent. The VS content of TS is, however, normally 

above 75%. (Nilsson et al., 2001) An indication of process disturbance is if the TS content 

suddenly starts to increase in the reactor while the VS of TS content decreases. The 

microorganisms are then not able to degrade all the VS that are available and, hence, the 

substrate will be undigested. 

Organic loading rate (OLR) indicates how much organic material is fed to the reactor each 

day. It is common to specify it as kg VS/m
3
/day or g VS/L

/
day. If a too high OLR is used, the 

microorganisms cannot use all available substrate and an accumulation of undigested products 

might occur. This is a waste of substrate and might result in process disturbance. If, on the 

other hand, a too low OLR is used, the microorganisms are not utilized optimally and will as a 

result not produce as much biogas as they are capable of. (Nilsson et al., 2001; Schnürer and 

Jarvis, 2009) 

The pH-value is of interest, since the microorganisms present in anaerobic digestion have 

their optima in different ranges. The fermenting bacteria are functional down to a pH-value of 

ca 4.0, but the methanogenic bacteria have an optimum between 6.5 and 7.5. The 

methanogenic bacteria are very sensitive to low pH and below a pH-value of 6.5 the methane 

production will be strongly inhibited. (Apples et al., 2008; de Mes et al., 2003) 

Alkalinity is in close relation with the pH-value. It is a measure of the buffering capacity of 

the process. The buffering capacity is crucial for maintaining a stable pH-value. The main part 

of the alkalinity consists of equilibrium between carbon dioxide in gas phase and carbonic 

acid and carbonates in the liquid phase. The higher alkalinity of a process, the more acids it 

may take care of without lowering pH. (Apples et al., 2008) 

By following the accumulation of volatile fatty acids (VFA) in the process, it is possible to 

discover a process disturbance before it occurs. The VFA content is measured using a GC-

FID or HPLC. Since VFAs are intermediate products, an accumulation of VFAs will indicate 

that the interaction between acetogenesis and methanogenic step is not working properly and 

the process is disturbed. For that reason it is important to follow VFA over time. It is possible 

to measure all the VFAs at the same time in a quick test that will result in total VFA. These 

tests will not specify how much of each VFA is present, but then again it will provide a result 

much faster than with a GC-FID or HPLC and is consequently suitable as a process parameter 

during operation of a full-scale plant. (Schnürer and Jarvis, 2009) 
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3.5 Two-stage anaerobic digestion 

Since anaerobic digestion consists of four different steps, Hydrolysis, Fermentation, 

Acetogenesis and Methanogenesis, as mentioned earlier, it is possible to separate these into 

different stages, i.e. different reactors. The two first steps are strongly linked together, since it 

is often the same microorganisms that exhibit these steps (Schink, 1997). The two last steps 

are strongly connected through the hydrogen gas pressure, the acetogens are hydrogen gas 

producers and the methanogens are hydrogen gas consumers. It is therefore possible to 

separate the digestion into two different stages, where the first stage consists of hydrolysis and 

fermentation, and the second stage consists of acetogenesis and methanogenesis. (Dareioti et 

al., 2009; de Mes et al., 2003) 

This means that it will be possible to optimize the fermentation-hydrolysis stage individually 

and form favourable conditions for the microorganisms of this first stage with an environment 

that naturally will have a low pH. In the second stage the pH must be higher, otherwise the 

methanogenic microorganism will not be able to produce methane. When material is 

transferred from the first stage to the second stage, fermenting microorganisms also will be 

transferred, but these microorganisms will not flourish when most of their substrate is already 

used in the first stage. (Dareioti et al., 2009) 

3.5.1 Advantages and disadvantages with a two-stage process 

One disadvantage is that it is more difficult to control the process parameters (Weiland, 

2010). If the first stage is disturbed, this may result in lower methane production in the second 

stage due to a lower substrate flow. Another effect from process disturbance is if the first 

stage starts to produce methane. It may be difficult to take care of this methane, since it might 

not be connected to the same storage tank, or cleaning equipment if upgraded to vehicle 

quality, and therefore a loss of methane would also occur, i.e. methane slip. A solution to this 

methane slip could be to collect the produced gas from the first-stage and use a torch to burn 

the gas. 

Advantages with a two-stage process are the possibility to have entirely different microbial 

floras in the different stages. Since different microorganisms thrive in different environments, 

it is possible to optimize the environments to increase the activity of the microorganisms and 

utilize them to their full potential. Since each step could be optimized, the process stability 

could be improved. The increased process stability may occur through controlling the first 

stage so no build-up of toxic material will take place and the possibility to prevent overload 

(too high OLR) for the methanogenic bacteria. (Demirer and Chen, 2005) 

A single stage process is not effective at substrate solid content >10% and mostly pumping of 

the material requires a solid content below 10%. Therefore, a larger volume of fluids is 

required to dilute the substrate and, thus, a large digester volume is needed. This will increase 

both the operational and the capital costs with a decrease in profitability of a substrate with a 

high solid content. (Demirer and Chen, 2005) Furthermore, a recirculation of material to the 

first stage of the two-stage process will decrease the amount of residues to take care of and the 

use of fluids to dilute the substrate. All together, this will make the two-stage process more 

profitable than the one-stage setup. 

One great advantage is the possibility to have a shorter HRT in both stages, which will make 

it feasible to process more substrate or have a smaller process system again meaning a more 

cost-efficient production system. (Demirer and Chen, 2005).  
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3.6 Process wastewater 

Process wastewater is the water left after production of a product and water used to clean the 

equipment. Depending on the type of industry, the process wastewater differs in composition 

and physical characteristics. The process wastewater from the confectionery industry reflects 

the composition as the products produced regarding carbohydrates, proteins and lipids.  

Process wastewater can be used for anaerobic digestion. The flow of process wastewater can 

be high and, hence, requires a reactor that can cope with this. A suitable reactor is therefore a 

UASB. 

3.6.1 Principles of a UASB 

An upflow anaerobic sludge blanket reactor (UASB-reactor) consists of three parts, a) a 

sludge bed, b) a sludge blanket and c) a gas-liquid-solid separator, GLS (Figure 3.5).  
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Figure 3.5 - Schematic view of a UASB-reactor. Modified from Sibel and Nusret, 2008. 

The sludge bed consists of microorganisms and is where the substrate is converted into 

biomass and biogas. The microorganisms are aggregated into small granules, holding all the 

different microorganisms necessary to convert the substrate into biogas (see section 3.2). The 

wastewater (the substrate) is pumped in at the bottom of the reactor and through the sludge 

bed, where the granules convert the organic matter in the substrate into biogas. The biogas 

makes the granules float upwards in the reactor and when the biogas is released, the granules 

sink to the bottom before floating again when more biogas is produced, thus, creating a sludge 

blanket. At the top of the reactor the gas is collected through the GLS, which consist of a 

large cap (for the gas collection) and an effluent stream for the solids and the liquid (mainly 

water). There are also baffles guiding the gas into the gas cap. (Sibel and Nusret, 2008) 
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4 Materials and methods 

4.1 Batch experiment 

To evaluate the methane potential from confectionery industry waste products, batch 

experiments were conducted in a climate room at 37°C. The gas pressure and methane content 

were measured to follow the methane production. All treatments were done in triplicate and 

each substrate was evaluated together with a set of three controls, a positive control (WhPa 

and inoculum), a negative control (Inoculum) and a blank control (Methane).  A schematic 

view of the accumulated amount of methane is given in Figure 4.1. All substrates and controls 

were treated in the same way. The positive control uses Whatman filtration paper No.3 

(WhPa) (Whatman Limited, England), for which the methane potential is known, as substrate 

to verify that the inoculum is behaving normally. The negative control uses only the inoculum 

to compensate for inherent organic matter in the seeding material. The methane potential from 

the substrate is calculated as the difference between the accumulation of methane from 

negative control (Inoculum) and the accumulation of methane from Substrate and inoculum 

(Figure 4.1). Blank control used pure methane gas and water to verify that the experimental 

procedure (pressure measurement and methane analysis) and surrounding environment (where 

the batch digesters were stored) did not change during the experiment. Thus, the blank control 

is supposed to neither increase nor decrease in methane content during the experiment (Figure 

4.1). 

 

Figure 4.1 - Schematic view of accumulation of methane from a batch experiment. The methane potential 

from the substrate is the difference between Substrate and inoculum and negative control (Inoculum). 
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4.1.1 Material and equipment 

320-mL glass bottles with a working volume of 100 mL were used for the batch experiment. 

Together with the substrate and inoculum nutrient- and redox- reducing solutions were added 

to each bottle, while flushing with nitrogen to avoid oxygen contamination. They were sealed 

with rubber stoppers and alumina caps to prevent air and biogas leaking and finally the 

gaseous headspace was exchanged for 20% carbon dioxide and 80% nitrogen. 

The pressure development in the bottles was measured with a Testo digital pressure meter 

(Testo AG, Germany). Gas samples were withdrawn from the batch bottles with a 1-mL 

syringe and transferred into a glass vial (31.7 mL). The methane content was then analyzed on 

a GC-FID HP 5880A (Hewlett Packard, USA) with injector temperature 150°C, oven 

temperature 80°C and detector temperature 150°C. As carrier gas, N2 was used with a flow 

speed of 130 mL∙min
-1

 and the detector (FID) used air (250 mL∙min
-1

) and H2 (30 mL∙min
-1

). 

The column, Porapak T (Waters, USA) had a surface area of 250-350 m
2
/g and a length of 2.5 

m. Methane-air mixtures at 0.07%, 0.63% and 1.71% methane were analyzed together with 

samples and used for calibration 

4.1.2 Batch experiment A 

During batch experiment A, nine different substrates, supplied by a large confectionery 

industry, were evaluated (Table 4.1). Eight of the substrates were solid wastes, while one was 

liquid waste (A#8). The compositions of the substrates are given in Table 4.1. The solid 

substrates were pre-treated by chopping into smaller pieces prior to batch start. Four of them 

(A#2, A#3, A#4 and A#6) were also melted in a water bath (55°C) before chopping. The OLR 

of the batch bottles were 2.5 g VS∙L
-1

. The bottles were sampled for gas production (pressure) 

and methane content on days 1, 3, 6, 12, 22 and 32. 

Table 4.1 - Composition of substrates for batch A. The composition of carbohydrate, fat and protein of the 

different substrates as given by the wrappings of costumer products. 

Substrate Carbohydrate [%] Fat [%] Protein [%] 

A#1 22 50 25 

A#2 57 31 12 

A#3 63 21 9 

A#4 55 31 12 

A#5 3 63 6 

A#6 62 27 7 

A#7 63 23 2 

A#8
a
 - - - 

A#9 80 1 2 

WhPa 98 - - 
a
 No composition of the substrate was available. 
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Table 4.1 - Composition of substrates for batch A. The composition of carbohydrate, fat and protein of the 

different substrates as given by the wrappings of costumer products. 

Substrate Carbohydrate [%] Fat [%] Protein [%] 

A#1 22 50 25 

A#2 57 31 12 

A#3 63 21 9 

A#4 55 31 12 

A#5 3 63 6 

A#6 62 27 7 

A#7 63 23 2 

A#8
a
 - - - 

A#9 80 1 2 

WhPa 98 - - 
a
 No composition of the substrate was available. 
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4.1.3 Batch experiment B 

Batch experiment B evaluated how the total methane potential might be affected by a two-

stage digestion process. The substrates evaluated were confectionery products, material from 

the pre-fermentation (section 4.3) and primary sludge from Getteröverket WWTP (Varberg, 

Sweden; Table 4.2). The material from the first stage was divided into the different phases 

that occurred, when the fermentation reactor liquid settled: 

- Bottom phase: Consisted of granules and part liquid. 

- Middle phase: A turbid liquid. 

- Top phase: A consistence of whipped fat with a texture that was thick and 

creamy. 

The OLR for the batch experiment was 2.5 g VS∙L
-1

. Pressure and methane content were 

measured on days 1, 3, 6, 12, 22, 32 and 46. 

Table 4.2 - Substrates used for batch experiment B. The substrates evaluated in batch experiment B were 

confectionery products, materials from the first stage reactor and primary sludge. The reactor materials were 

sampled from three different distinct phases upon settling of the reactor liquid. 

Substrate Type of substrate Reactor 

B#0 Undigested confectionery products - 

   

B#1-Bottom Bottom phase D1 

B#1-Middle Middle phase D1 

B#1-Top Top phase D1 

B#1-Mix Mixture of all three phases D1 

   

B#2-Bottom Bottom phase D2 

B#2-Middle Middle phase D2 

B#2-Top Top phase D2 

B#2-Mix Mixture of all three phases D2 

   

B#3 Primary sludge - 

4.2 Two-stage continuous experiment 

The two-stage continuous experiment was divided into: 1) pre-fermentors (D1 and D2) and 2) 

a second stage methane-producing reactor (Figure 4.2). The main principle is that the 

substrate is fed into the first reactor together with primary sludge (Getteröverket WWTP, 

Varberg, Sweden), water and digester sludge from the methane-producing reactor (to reduce 

the amount of water and ensure sufficient amounts of nutrients). The digestate from the first 

stage is then used as a substrate in the second stage reactor. Within the frames of this thesis 

the first stage, indicated by the dashed line in Figure 4.2, was evaluated. Initially substrate, 

primary sludge and water were used, before commencing the addition of digester sludge. 

17 

 

4.1.3 Batch experiment B 

Batch experiment B evaluated how the total methane potential might be affected by a two-

stage digestion process. The substrates evaluated were confectionery products, material from 

the pre-fermentation (section 4.3) and primary sludge from Getteröverket WWTP (Varberg, 

Sweden; Table 4.2). The material from the first stage was divided into the different phases 

that occurred, when the fermentation reactor liquid settled: 

- Bottom phase: Consisted of granules and part liquid. 

- Middle phase: A turbid liquid. 

- Top phase: A consistence of whipped fat with a texture that was thick and 

creamy. 

The OLR for the batch experiment was 2.5 g VS∙L
-1

. Pressure and methane content were 

measured on days 1, 3, 6, 12, 22, 32 and 46. 

Table 4.2 - Substrates used for batch experiment B. The substrates evaluated in batch experiment B were 

confectionery products, materials from the first stage reactor and primary sludge. The reactor materials were 

sampled from three different distinct phases upon settling of the reactor liquid. 

Substrate Type of substrate Reactor 

B#0 Undigested confectionery products - 

   

B#1-Bottom Bottom phase D1 

B#1-Middle Middle phase D1 

B#1-Top Top phase D1 

B#1-Mix Mixture of all three phases D1 

   

B#2-Bottom Bottom phase D2 

B#2-Middle Middle phase D2 

B#2-Top Top phase D2 

B#2-Mix Mixture of all three phases D2 

   

B#3 Primary sludge - 

4.2 Two-stage continuous experiment 

The two-stage continuous experiment was divided into: 1) pre-fermentors (D1 and D2) and 2) 

a second stage methane-producing reactor (Figure 4.2). The main principle is that the 

substrate is fed into the first reactor together with primary sludge (Getteröverket WWTP, 

Varberg, Sweden), water and digester sludge from the methane-producing reactor (to reduce 

the amount of water and ensure sufficient amounts of nutrients). The digestate from the first 

stage is then used as a substrate in the second stage reactor. Within the frames of this thesis 

the first stage, indicated by the dashed line in Figure 4.2, was evaluated. Initially substrate, 

primary sludge and water were used, before commencing the addition of digester sludge. 



18 

 

Pre-

fermentor
(first stage)

Main reactor
(second stage)

For analyze

Substrate

Digester sludge Digestate

Substrate

Primary sludge

Water

 

Figure 4.2 - Schematic overview of the two-stage process. The pre-fermentor (first stage) was fed with 

substrate, primary sludge, water and digester sludge from a methane-producing anaerobic reactor. The second 

stage reactor is fed with the pre-fermented material from the first stage. 

4.3 First stage, two-stage continuous experiment 

The continuous reactor experiment was conducted in two different 2-L CSTR digesters 

(Continuously Stirred Tank Reactor), D1 and D2. Initially, the digesters had a working 

volume of 1 L, which was increased to 1.5 L after 14 days. HRT was set to 2 days, with 500 

and 750 mL, respectively, of reactor liquids withdrawn each day. An initial stirring rate of 

150 rpm (days 0-14) was increased to 300 rpm (days 15-28) and finally to 500 rpm (days 29-

93). The reactors were initially stirred for 15 min each third hour (days 0-37), while later for 

15 min every hour. The change in stirring rate and time interval was due to problems with fat 

floating on top of the reactor liquid. The reactors were fed daily with a mixture of 

confectionery products (section 4.3.2). The digesters were kept in a climate room (days 0-48) 

and at the laboratory bench (days 49-93) at 20°C. Gas production was measured with a gas 

meter and the gas was collected in a balloon for further composition analysis. The experiment 

was terminated on day 93. 

4.3.1 Material, equipment and start-up 

The digesters were custom-made of glass with two openings, one small for feeding and 

withdrawal of reactor liquid and a larger sealed with a rubber plug, Figure 4.3. The rubber 

plug had two holes, one for the propeller-stirrer (custom-made) and one for the gas-outlet 

tube. 

During feeding and withdrawal of reactor liquid, the stirring hole was sealed with a rubber 

plug to prevent entrance of air. Furthermore, the gas meter was by-passed using two three-

way valves and, thus, the pressure difference causing air to leak in was eliminated. All the 

produced gas was collected in a balloon. During feeding, the gas from the balloon coupled to 

the headspace, which compensated for the lower liquid volume, and, thus avoiding the 

headspace to be diluted with air. A 100-mL syringe was used to feed and withdraw the reactor 

liquid, which was collected in a 1-L glass bottle. 
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Gas collector

 

Figure 4.3 - Schematic view of reactor set-up for the first stage. The biogas production was measured by a 

gas meter and then collected in a balloon. During feeding, the gas meter was by-passed and connected directly to 

the gas collector to avoid pressure variations causing air leaking into the reactor. 

During start-up of the reactors, 500 mL of inoculum (primary sludge) from Getteröverket 

WWTP (Varberg, Sweden) was added to each reactor, while flushing with N2 to prevent air 

contamination. A portion of substrate corresponding to an OLR of 20 g VS∙L
-1

 was also 

amended at the start. 

4.3.2 Substrate, inoculum and organic loading rate 

The substrate was a mixture of confectionery products that was melted in a water bath (55°C) 

for 2 h and then chopped into smaller pieces. The confectionery mixture consisted of 

47% carbohydrate, 34% fat and 11% protein as calculated from the wrappings of costumer 

products. The mixture had a TS content of 94% and a VS content of 98% of TS. 

20 g primary sludge from Getteröverket WWTP (Varberg, Sweden) was added each day 

together with the confectionery mixture to ensure sufficient amount of nutrients being 

available for the microorganisms. The addition of primary sludge also ensures the presence of 

a microbial community that is able to perform the hydrolysis and fermentation. 

The reactors were initially fed at an OLR of 20 g VS∙L
-1
∙day

-1
, which was maintained for D1 

during the entire experiment. The OLR was increased to 30 g VS∙L
-1
∙day

-1
 from day 30 until 

the end of the experiment (day 93) in D2. 

4.4 Second stage, two-stage continuous experiment 

The second stage was not evaluated in this thesis. However, the digester sludge from a 

methane-producing anaerobic reactor that was used to replace water in the first stage reactor 

was supplied by Scandinavian Biogas Fuels AB (Linköping, Sweden). Since methanogens 

present in a second stage reactor have a pH optimum above 7.0, an addition of Ca(OH)2 was 

made to this second stage reactor, when pH was below 7.1. 
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4.5 Analysis 

To be able to follow the performance of the reactors, the analysis program according to 

Scandinavian Biogas Fuels AB internal standard document was used. 

The gas content was measured with Biogas Check gas meter (Geotech, United Kingdom), 

which analyzes the CH4, CO2, O2 and H2S content of the gas. The gas was collected in gas 

balloons over night approximately once a week and analyzed.  

Gas production was measured with custom-made gas meters which used water displacement 

technique. The gas meters were exchanged and re-calibrated approximately every second 

week. Gas production was monitored every day prior to feeding. 

pH was analyzed with pH-electrode Polilyte Bridge Lab (Hamilton, Switzerland) together 

with pH-meter Inolab 730 (WTW, Germany). The pH-meter was calibrated once a week and 

the reactor liquid was analyzed at least twice a week. 

Total organic acids were analyzed with HACH Lange cuvette (LCK365) together with a 

spectrophotometer DR-2800 (HACH Lange, Germany). 

Total solids (TS) and Volatile solids (VS) were determined according to Swedish Standards 

Institute (SIS) SS 028113. TS are the material left when a sample is heated at 105°C for 20 h 

and no water is present. VS are the material left after the sample is heated to 550°C for 2 h 

and determines the organic fraction. VS are often specified as percentage of TS. The material 

left after heating is ash and the material that has evaporated is called VS. (Swedish Standards 

Institute, 1981) 

VFA was analyzed on a GC-FID HP 6890 (Hewlett Packard, USA). The injector had the 

temperature 150°C, the oven temperature started at 80°C and ended at 200°C after following a 

temperature increasing program (3°C/min until 175°C and then 10°C/min until 200°C, which 

was held for 10 min) and the detector had a temperature of 250°C. He was used as carrier gas 

with a flow speed of 2 mL∙min
-1

 for the GC, while the detector (FID) used air (250 mL∙min
-1

) 

and H2 (25 mL∙min
-1

) together with N2 (make-up gas, 20 mL∙min
-1

). The column, BP21 

capillary column (SGE, Australia) had an inner diameter of 0.32 mm with film thickness of 

0.25 µm and a length of 30 m. Prior to analysis on GC-FID, the sample was centrifuged with 

Centrifuge 5417C (Eppendorf, Germany) at 15 300 G for 10 min. VFA was initially analyzed 

every day, while later at least two times a week. 

These samples were also analyzed by HPLC (Swedish University of Agricultural Sciences 

(SLU), Uppsala, Sweden) on three occasions to determine fermentation products not 

detectable with GC-FID. The samples were transported on ice. 
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5 Results and discussion 

5.1 Process wastewater 

5.1.1 Volume of wastewater and a biogas engine 

The energy content of biogas is related to the methane present. Pure methane has a lower 

heating value (LHV) of 9.97 kWh/Nm
3
 and carbon dioxide has a value of zero kWh/Nm

3
 

(Persson, 2006). 

A typical gas engine, such as J208 GS from GE Jenbacher, generates 330 kW electricity and 

has an electrical efficiency of 38.7% requiring a total of 853 kW. Of the excess 523 kW, 400 

kW can be utilized as heat and collected via a heat exchanger. (GE Jenbacher, 2008) This 

energy can be used to heat the digester. The type of gas engine chosen, an Otto engine, can 

use biogas as fuel with methane content as low as 40% (Herdin and Schiliro, 2003). The 

amount of methane necessary is equal to 
 52. 

 .  
 

k 

k h Nm3 
   5.5 Nm3CH4 h .  

With a theoretical methane yield of 0.350 Nm
3
/kg CODremoved it would be necessary to 

produce an amount of COD equal to 
 5.5

0.350
 
Nm3 h 

Nm3 kg 
  244 kg COD h . Depending on the COD 

reduction, different amounts of COD are required. 

- 50% COD reduction: 490 kg COD/h 

- 75% COD reduction: 330 kg COD/h 

- 95% COD reduction: 260 kg COD/h 

According to Beal and Raman (2000) confectionery wastewater have a COD content of 

30 000 mg/L = 30 kg/m
3
. The amount of process wastewater with different COD content 

necessary to run a gas engine are given in Table 5.1. 

Table 5.1 - Amount of process wastewater. The amount of process wastewater necessary to run a gas engine 

compatible with biogas. Different COD reduction for a UASB-reactor and different COD content in the process 

wastewater are considered. 

 COD reduction 

 50% 75% 95% 

COD 

[kg/h] 
490 330 260 

Annual COD 

[tons/yr] 
4 290 2 860 2 250 

COD content 

[mg/L] 
5 000 15 000 30 000 5 000 15 000 30 000 5 000 15 000 30 000 

Process 

wastewater 

[m
3
/h] 

98 33 16 65 22 11 51 17 9 

Annual 

process 

wastewater 

[10
3
∙m

3
/yr] 

857 286 143 572 190 96 451 149 75 
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Thus, in the worst and best case scenario, an annual amount of 857 000 m
3
 or of 75 000 m

3
, 

process water is necessary to continuously run a gas engine to produce electricity. However, 

these results are based on a specific gas engine, yields and COD-amount. With other 

specifications for these parameters, the amount of wastewater needed may change 

considerably. 

5.1.2 Potential of the Swedish market 

A market survey was performed to evaluate the potential of the Swedish market to use process 

water as substrate in a UASB-reactor. Seven industrial companies were contacted, but only 

three could answer how much waste they produced and how much annual wastewater they 

send to WWTP. The companies contacted are working within the biscuit-, confectionery- or 

jam industry. 

Table 5.2 - Potential from Swedish confectionery market to use waste as a substrate for biogasproduction. 

The annual amount of solid waste and wastewater produced by three different industries in Sweden. 

Industry 
Wastewater to WWTP Solid waste 

[m
3
∙yr

-1
] [tons∙yr

-1
] [kg∙day

-1
] 

Confectionery #1 35 000 190 520 

Confectionery #2 12 200 100 274 

Jam #1 52 700 10 27 

As can be seen from Table 5.2, the annual amount of solid waste produced in Sweden is low, 

between 27 and 520 kg per day. The reason for this might be very efficient processes or 

simply that the production is small and therefore low amounts of solid waste are produced. 

When comparing the amount of wastewater sent to WWTP and the amount necessary to 

produce biogas and continuously convert it to electricity (Table 5.1), it is clear that even in the 

best case the amount of wastewater produced by these industries are not sufficient to 

continuously run a biogas engine. Accordingly, it would not be feasible to solely use process 

wastewater from a single Swedish biscuit-, confectionery- or jam company and convert it to 

electricity through a biogas engine. However, if the process wastewater is used in co-digestion 

with external substrate or process waste water from several companies, the conditions would 

change. 

5.2 Batch experiment A 

Figure 5.1 shows the accumulation of methane adjusted for the negative control for each 

substrate versus time. Substrate A#5 had the largest methane potential per gram added VS of 

all tested substrate and A#4 the second highest. The liquid substrate A#8 on the other hand, 

produced the least amount of methane per gram added VS. The explanation to the difference 

is probably that the liquid waste contained more carbohydrates than the solid waste and, thus, 

produces less methane. A summary of the methane potential, from the highest to the lowest, 

are given in Table 5.3. Substrate A#1, A#2, A#3 and A#6 have approximately the same 

methane potential. It is noticeable that the methane potential from A#1 is not as high as 

expected. A#1 has a high fat content (50%) and since the methane potential of fat is higher 

than for protein and carbohydrates (see Appendix A - Calculation of theoretical methane 

potential), the methane potential from A#1 should be higher. Almost all substrates were fully 

digested (> 90% of methane potential after 32 days) already within 12 days. If the substrate 

had been subjected to more aggressive pre-treatment, the digestion may have occurred faster. 

However, since 12 days is not a long time period for the substrate to be fully digested, there 
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digested (> 90% of methane potential after 32 days) already within 12 days. If the substrate 

had been subjected to more aggressive pre-treatment, the digestion may have occurred faster. 

However, since 12 days is not a long time period for the substrate to be fully digested, there 
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have to be a level of the economic value of a faster digestion and the economic cost of 

equipment and operation of the pre-treatment. 

 

Figure 5.1 - Accumulation of methane for batch A. The average methane produced per added g VS at 273 K 

for each triplicate of substrate in batch A. WhPa is the positive control. 

The methane yield ranged 79 - 121% of the theoretical value. The majority of the substrates 

have a yield over 90%. The over 100% yields may be due to inaccuracy when calculation the 

potential. The sum of carbohydrates, fat and protein ranges between 72% and 100%. The 

remaining percent, e.g. vitamins, flavor enhancers etc, will contribute to the methane potential 

and increase it. If these percentages are considered, the yield from the theoretically methane 

potential will be lower. However, biomass will also be formed and, hence, not all substrate 

will be transformed to methane. Depending on how much biomass that is formed and how 

much of the substrate that is not covered by carbohydrates, fat or protein, the theoretical 

methane potential and the yield will be affected. 

The yields obtained may have been influenced by precipitation into particles, when put in the 

batch digester. This would also explain large variations among the triplicate. The 

microorganisms might therefore not have been able to digest the substrate to its full potential 

within 32 days. This particularly applies to A#1, which contained many particles and also has 

the lowest yield. A#9 consisted mainly of carbohydrates (Table 4.1). The theoretical potential 

from carbohydrates is especially sensitive to the assumptions made during calculation of 

methane potential and, thus, how many glucose molecules that are present in the 

carbohydrate. Since A#9 has a high content of carbohydrate, the theoretically yield from this 

substrate will be more affected than on the other substrates. 
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Table 5.3 - A summary of the methane potential from batch A. The methane potential from the different 

substrates in batch A together with the fat content of the substrate and the yield from theoretical values are 

shown. The theoretical value is calculated using Table 4.1 and Appendix A - Calculation of theoretical methane 

potential. 

Substrate 

Methane 

potential
a
, 

batch A 

Coefficient of 

variation, 

percent 

Fat content, 

percent 

Methane 

potential
a
, 

theoretical 

Yield
b
, 

percent 

A#5 690 11 63 674 102 

A#4 624 2 31 600 104 

A#2 580 5 31 606 96 

A#1 568 4 50 716 79 

A#3 525 3 21 518 101 

A#6 520 11 27 558 93 

A#7 482 3 23 494 98 

A#9 427 14 1 354 121 

A#8
c
 365 6 - - - 

WhPa
d 352 1 - 407 87 

a
 mL CH4/g added VS at 273 K. 

b
 Percent of theoretical methane potential. 

c
 No composition of the substrate was 

available. 
d
 Substrate was evaluated in duplicate due to unreasonable high methane potential for one replicate. 

5.3 Batch experiment B 

The results are shown in Figure 5.2. The OLR for the different phases was estimated 

according to their apparent composition: bottom phase mainly consisting of solid particles and 

some liquid, middle phase mainly consisting of liquid and top phase mainly consisting of a 

solid part of fat floating on top of the reactor liquid. TS or VS values were not measured 

because of the high concentrations of VFA occurring, which would evaporate and cause an 

underestimation of TS. Thus, a methane potential based per g VS would be overestimated. 

The bottom and top phases of the two reactors (B#1-Bottom and B#1-Top as well as B#2-

Bottom and B#2-Top) all showed a negative methane potentials, while the all the other 

samples tested gave positive methane potentials. The negative potential could be explained by 

the occurrence of toxic or inhibiting substances in these specific phases or the presence of 

unfermented material that would give rise to an accumulation of VFA upon fermentation, 

which together with a lower pH inhibits the microbial growth. Due to the negative potential, 

these results suggest that it is not possible to digest these phases in batch experiments under 

the conditions applied. 

In order to compare B#0, B#1-Mix and B#2-Mix, the yield from undigested substrate (B#0) 

was calculated and used as basis for methane potential differences as presented in Table 5.4. 

The potential with the B#2-Mix had a yield of 124%, which means that the first stage actually 

would increase the methane potential. However, the potential for B#1-Mix was lower than for 

B#0 (yield of 91%), which instead indicates a loss in methane formation potential. 
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B#0 (yield of 91%), which instead indicates a loss in methane formation potential. 
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Figure 5.2 - Accumulation of methane for batch B. The methane produced per added g VS at 273 K for 

batch B. WhPa is the positive control. 

The largest increase is seen with substrates derived from reactor D2. One possible explanation 

is the accumulation of fat in the reactors. However, since D2 had a higher OLR, more fat 

accumulated, which would show a greater impact with the substrates derived from D2. As 

mentioned earlier, the methane potential from fat is higher than from carbohydrates, together 

with the accumulation of fat in the reactors, the actual OLR will be higher than the calculated 

and, hence, the methane potential will be overestimated. Thus, it is reasonable to draw the 

conclusion that the first stage fermentation does not increase the methane potential of the 

system. 

There seems to be a difference in the potential between B#1-Mix and B#2-Mix compared to 

B#0. However, when calculating the standard deviation in absolute numbers, there is a 

overlap between B#1-Mix [478;572] and B#0 [560;594] as well as for B#2-Mix [582;856] 

and B#0 [560;594]. According to these results, it is not possible to say which substrate that 

has the highest methane potential. However, since B#1-Mix has an overlap with B#0’s lower 

limit and B#2-Mix has an overlap with B#0’s upper limit, it is likely that no methane potential 

was lost during the first stage. 
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Table 5.4 - Methane potential from batch B. The different substrates have been ordered from highest to lowest 

potential. The yield from undigested substrate (B#0) is also included. 

Substrate 
Methane potential

a
, 

batch B 

Coefficient of variation, 

percent 
Yield, percentage  

from undigested substrate (B#0) 

B#2-Mix 719 19 124 

B#2-Middle 630 6 109 

B#1-Middle 628 1 109 

B#0 577 3 100 

B#1-Mix 525 9 91 

B#3 365 2 -
b 

WhPa 338 3 -
b
 

B#2-Bottom -44 76 -8 

B#1-Bottom -53 167 -9 

B#2-Top -113 13 -20 

B#1-Top -143 10 -25 
a
 mL CH4/g added VS at 273 K. 

b
 Substrate does not originate from undigested substrate (B#0) and, hence, a 

comparison would be irrelevant. 

5.4 First stage, two-stage continuous experiment 

The first stage of the two-stage process was evaluated for a period of 93 days. During the first 

24 days, a problem with oxygen leaking into the reactors during feeding occurred. This was 

fixed by sealing the stirring hole with a rubber plug during feeding. Since the end product of 

the first step contains a high concentration of VFA, the TS value would not be representative 

due to the fact these would evaporate during the drying procedure. The TS value is therefore 

not measured for the first stage reactor. 

5.4.1 Gas production 

The gas production was measured each day, the missing measurements are due to mechanical 

problems with gas meters. The two different reactors, D1 and D2, behaved similarly during 

the period when they had the same OLR (20 g VS∙L
-1
∙day

-1
; days 0 to day 30, Figure 5.3). 

When changing the working volume to 1.5 L at day 14, the gas production responded as 

predicted by an increase of 50%. From day 19 to day 30, the variation in gas production 

seemed to level out and the reactors had a constant gas production rate and were considered 

stable. 

From day 31, an increase of OLR was carried out in D2 (to 30 g VS∙L
-1
∙day

-1
) and the reactors 

started to behave differently with D2 producing more gas. Simultaneously, D1 started to 

decrease in gas production, but reached a stable level at approximately 0.5 L gas per day 

around day 50. The decrease in gas production in D1 corresponded with the abatement of the 

oxygen leak at day 24 after a small time-lag. The decrease is consistent with the fact aerobic 

processes produce more CO2 than anaerobic processes (Hannon et al., 2007). The time-lag 

may be explained by the microorganisms that consume oxygen will carry on using the oxygen 

left but at a slower pace. 
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Figure 5.3 - Total gas production volumes for reactor D1 and D2. The working volume was increased at day 

14 for both D1 and D2. The OLR was increased in D2 to 30 g VS∙L
-1
∙day

-1
 at day 31. No increase of OLR was 

made for D1. 

After 49 days, there was a sudden drop in the gas production from D2, which corresponded 

with moving the reactors from the climate room to the laboratory bench. The gas production 

in D2 showed a higher variation after the move of the reactors, while D1 was unaffected.  

The gas production in D1 appears to increase, especially directly after feeding, when digester 

sludge addition was commenced from day 72. This was probably due to biogas dissolved in 

the added digester sludge and that the methanogenic microorganisms in the sludge still were 

active, but their activity will be low due to the low pH (cf. Figure 5.6) why formation of 

methane in D1 right after feeding may have occurred. Another explanation is that no 

correction was made to the OLR when adding the digester sludge. The higher OLR in D1 due 

to the sludge addition would increase the gas production. After addition of digester sludge 

started, there is a higher variation in the gas production. At the end of the experiment, the gas 

production decreases. 

5.4.2 Gas composition 

The gas composition (Figure 5.4 and Figure 5.5) was measured approximately every other 

week. There was an initial high amount of hydrogen sulfide released from both reactors that 

rapidly decreased. This was likely due to high levels of dissolved H2S in the inoculum 

(primary sludge). When addition of digester sludge from anaerobic digester to D1 started, an 

increase of hydrogen sulfide in the gas was observed. At this time an addition of Fe
2+

-solution 

was done (day 90 until termination of the experiment), which have two effects 1) it decreases 

pH and 2) it reduces the amount of H2S. The reduction in H2S was about 50%. 
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Figure 5.4 - Gas content of gas produced in reactor D1. 

 

Figure 5.5 - Gas content of gas produced in reactor D2. 
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Figure 5.5 - Gas content of gas produced in reactor D2. 
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The carbon dioxide content started at around 40% and then increased to about 70% in D1 and 

80% in D2. A decrease was observed after about 29 days in D1. Due to the low gas 

production in D1 (0.5 L per day), gas had to be collected during several days, which may 

affected the accuracy of the measurement. However, the content of carbon dioxide in D1 

increased after addition of digester sludge. The carbon dioxide content had a stable increase in 

D2, which leveled out at around 75%. The residual gas content likely  is made up from 

nitrogen and hydrogen. The first brought in during feeding, while hydrogen may be produced 

during the fermentation (cf. section 3.3.3). 

5.4.3 pH 

The pH-value was stable during the first phase of the experiment, before addition of digester 

sludge from anaerobic digester. After four days, the pH reached a stable value between 3.4 

and 3.6, where it remained for D2 during the entire experiment and during the first phase of 

the experiment for D1. Thus, the increase in OLR at day 31 did not affect pH in reactor D2. 

After addition of digester sludge (from day 72 and onwards) the pH-value started to increase 

in reactor D1. This may be explained by a dilution, since the digester sludge have a higher 

pH-value. However, the sustained pH increase was also an effect of the buffering capacity of 

the digester sludge from a methane producing reactor. When pH started to increase, a Fe
2+

-

solution was added (day 90 until termination of the experiment). The drop in pH at day 89 

from 4.0 to 3.7 is due to this addition (see section 5.4.1). 

 

Figure 5.6 - pH for the reactors D1 and D2 in the first-stage. At day 72, digester sludge was added to D1. 
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The carbon dioxide content started at around 40% and then increased to about 70% in D1 and 

80% in D2. A decrease was observed after about 29 days in D1. Due to the low gas 

production in D1 (0.5 L per day), gas had to be collected during several days, which may 

affected the accuracy of the measurement. However, the content of carbon dioxide in D1 

increased after addition of digester sludge. The carbon dioxide content had a stable increase in 

D2, which leveled out at around 75%. The residual gas content likely  is made up from 

nitrogen and hydrogen. The first brought in during feeding, while hydrogen may be produced 

during the fermentation (cf. section 3.3.3). 

5.4.3 pH 

The pH-value was stable during the first phase of the experiment, before addition of digester 

sludge from anaerobic digester. After four days, the pH reached a stable value between 3.4 

and 3.6, where it remained for D2 during the entire experiment and during the first phase of 

the experiment for D1. Thus, the increase in OLR at day 31 did not affect pH in reactor D2. 

After addition of digester sludge (from day 72 and onwards) the pH-value started to increase 

in reactor D1. This may be explained by a dilution, since the digester sludge have a higher 

pH-value. However, the sustained pH increase was also an effect of the buffering capacity of 

the digester sludge from a methane producing reactor. When pH started to increase, a Fe
2+

-

solution was added (day 90 until termination of the experiment). The drop in pH at day 89 

from 4.0 to 3.7 is due to this addition (see section 5.4.1). 

 

Figure 5.6 - pH for the reactors D1 and D2 in the first-stage. At day 72, digester sludge was added to D1. 
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5.4.4 VFA 

The concentrations of VFA in both reactors were about the same until the increase of OLR at 

day 31 in reactor D2 (Figure 5.7 and Figure 5.8). This is a further indication of a stable and 

functional process. The VFA present in the reactors are mainly acetic acid, but ethanol also 

occurs. There are other VFAs present, but in much smaller quantities or below the detection 

limit of the analysis equipment. However, there was a high level of propionic acid and butyric 

acid in the inoculum. These VFAs were produced in small amounts in the reactor, why the 

daily added amounts were diluted each day. During the first ten days of the experiment, the 

VFA formation starts to become stable. But as mentioned earlier, at day 14 an increase of 

working volume occurred, which diluted the concentrations of VFAs. Another effect was that 

the headspace could contain less air and thus less oxygen. Since less oxygen was available the 

environment tends to favor the microorganisms that flourish in an anaerobic environment. The 

microorganisms that seem to be present are the ones carrying out ethanol, lactic acid and/or 

mixed acid fermentation (cf. section 3.3). 

After the increase of the working volume, an increase of acetic acid and ethanol occurred. 

This increase continued until day 31, when it leveled out for a few days and then decreased. 

The decrease of VFA may be an effect of microorganisms adapting to a new environment 

with less oxygen available. As in the case with gas production, there is a drop at VFA levels 

at day 49, when the reactors were moved to the laboratory bench. As reported for the gas 

composition above, the acetic acid and ethanol levels varied considerably in D2, while being 

stable in reactor D1 after the move. Even though there is a variation in D2, the levels of both 

acetic acid and ethanol are behaving in the same way for both reactors. This applies after 

moving the reactors to the laboratory bench at day 49. From this day and forward it seems like 

there are a tight coupling between the concentration of acetic acid and ethanol. There are 

approximately ten times as much ethanol as acetic acid (Figure 5.7 and Figure 5.8), even 

though there are variations in the concentration. This is an indication of that the new 

environment is beneficial for the microorganisms that produces both, e.g. through mixed acid 

fermentation (section 3.3.3). 

Towards the end of the experiment, both the ethanol and acetic acid concentrations start to 

increase in D2. In D1 on the other hand, there is an increase of acetic acid and propionic acid. 

The increase in propionic acid is probably due to presence of propionic acid from digester 

sludge from methane producing reactor. The microorganisms that are degrading propionic 

acid might be inhibited by the environment in the first stage and, hence, the concentration of 

propionic acid will increase. 

During the mixed acid fermentation, both ethanol and acetic acid is produced, but in these 

reactors, ethanol seems to be the preferred end product due to the environmental conditions. 

An example of microorganisms that are carrying out mixed acid fermentation is 

Enterobacteria (Gottschalk, 1986). Escherichia, Salmonella and Shigella are groups of 

bacteria belonging to Enterobacteria and are common in primary sludge (Horan, 2004). It is 

thus likely that mixed acid fermentation occurs since primary sludge was used as inoculum. 

However, since there is a great diversity of microorganisms present in the biogas reactor 

(section 3.2), it is likely microorganisms present that carrying out other types of fermentation 

as well. The products of these fermentations may be solely ethanol and lactic acid (section 

3.3.1 and 3.3.2). 
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Figure 5.7 - Concentration of VFA in reactor D1 over time. Increasing of working volume at day 14 ( ). 

Moving the reactor to the laboratory bench at day 49 ( ). The addition of digester sludge from methane 

producing anaerobic digester was commenced at day 72 ( ). 

 

Figure 5.8 - Concentration of VFA in reactor D2 over time. Increasing of working volume at day 14 ( ). 

The OLR was increased at day 31 to 30 g VS∙L
-1
∙day

-1
 ( ). The reactor was moved to the laboratory bench at 

day 49 ( ). 
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Figure 5.7 - Concentration of VFA in reactor D1 over time. Increasing of working volume at day 14 ( ). 

Moving the reactor to the laboratory bench at day 49 ( ). The addition of digester sludge from methane 

producing anaerobic digester was commenced at day 72 ( ). 

 

Figure 5.8 - Concentration of VFA in reactor D2 over time. Increasing of working volume at day 14 ( ). 
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5.4.5 Total VFA 

As mentioned earlier, it is possible to measure the total concentration of VFA through 

spectrophotometric analyze. This total VFA is expressed as mg acetic acid/L. As can be seen 

in Table 5.5, the total concentration of VFA is stable during the entire experiment. Even 

though the concentrations of the different acids are changing, the total concentration stays the 

same. The total VFA is more stable in D2 than in D1. It should also be noticed the 

concentration increased with approximately 46% between the last two measurements. This 

increase is likely an effect of the addition of digester sludge from anaerobic digester even 

though the addition started at day 72. This sudden increase was not being seen in D2. 

Table 5.5 - Total VFA. The total concentration of VFA is displayed, both as mg CH3COOH/L and as mM. The 

average total VFA and the standard deviation is also calculated and included in the table. 

Day 

Concentration total VFA, mg 

CH3COOH/L 
Concentration total VFA, mM 

D1 D2 D1 D2 

22 2200 2100 36 35 

26 2600 2500 43 41 

29 2500 2400 42 40 

50 2300 2600 38 43 

65 2100 2400 35 40 

70 2100 2400 35 41 

79 2300 2300 39 39 

87 3400 2200 57 36 

     

Average 2400 2400 41 39 

Standard 

deviation 
432 158 7 3 

Since the concentration of the different acids is changing (cf. section 5.4.4), the production of 

the different acids must change during the experiment. It is also important to notice that the 

total concentration of VFA is, as mentioned earlier, expressed in mg acetic acid/L, and the 

actual production of acetic acid is approximately one third of the total VFA. Since the other 

two thirds cannot be explained by the remaining VFAs from the GC analysis, there must be 

some other acids present, such as lactic acid, which can be analyzed on a HPLC.  

5.4.6 HPLC analysis 

To be able to explain the remaining two thirds of VFA, a HPLC analysis was performed. 

Acetic-, lactic-, propionic-, butyric- and valeric acids were found. Each value is an average of 

two measurements (Table 5.6). The concentrations of acetic acid, propionic acid and valeric 

acid were in the same range with both HPLC- and GC-FID-analysis. However, the 

concentration of butyric acid differed substantially between the two; the GC-FID resulting in 

much lower levels than with the HPLC. This give rise to the obvious question:  

- Is there or is there not a substantial concentration of butyric acid present after the first 

stage of the process? 

To be able to answer this, the results from the HPLC were compared to the total concentration 

of VFA, Table 5.7. 
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Table 5.6 - Comparison between GC-FID and HPLC results. The table shows the concentration of VFA, both 

from GC-FID and HPLC. If the samples were frozen prior to analysis or not are also included. 0 indicates that 

the acid was present, but in small quantity. A dash (-) indicates that the acid was not present or below detection 

limit of the instruments. 

Day 
Reactor and 

treatment 

Concentration [mM] 

Acetic 

acid 

Lactic 

acid 

Propionic  

acid 

Butyric  

acid 

Valeric  

acid 

GC-

FID 
HPLC HPLC 

GC-

FID 
HPLC 

GC-

FID 
HPLC 

GC-

FID 
HPLC 

29 
D1 - Frozen 21 15 31 - 1 0 48 - - 

D2 - Frozen 20 14 30 0 1 0 49 - - 

50 
D1 - Fresh 13 11 31 0 - - 31 - 2 

D1 - Frozen 15 12 29 0 - 0 30 - 1 

50 
D2 - Fresh 13 11 38 0 - - 56 - 0 

D2 - Frozen 15 22 34 0 1 - 49 0 - 

In Table 5.7, the equivalent weight per liter is calculated for acetic acid, lactic acid, acetic 

acid plus lactic acid, butyric acid and the total VFA at day 50, for D1-Fresh. When comparing 

the weight of acetic acid plus lactic acid with the weight of the total VFA, the weight of total 

VFA falls below the weight of acetic acid plus lactic acid. The weight is, however, about 

identical. Thus, if also adding the equivalent weight of butyric acid, the difference between 

the HPLC results and the spectrophotometric result would not correspond. The same applies 

to the other samples in Table 5.6. Therefore, it seems unlikely that there is any large 

concentration of butyric acid present. Hence, according to these results together with results 

obtained from the GC-FID analysis (section 5.4.4), the main fermentative products are 

presumably acetic acid, lactic acid and ethanol. 

Table 5.7 - Comparison between HPLC results and spectrophotometric results using milliequivalent 

weight from D1-Fresh at day 50. The milliequivalent weight of acetic acid, lactic acid and butyric acid were 

calculated from the HPLC results as well as for the total VFA from spectrophotometric analyze. 

Substance 
Concentration [g/L] Concentration [m∙eq/L] 

HPLC Spectrophotometric HPLC Spectrophotometric 

Acetic acid 1 - 12 - 

Lactic acid 3 - 31 - 

Butyric acid 3 - 31 - 

Acetic acid 

+ Lactic acid 
- - 43 - 

Total VFA - 2 - 38 
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5.5 Carbon balance of the first stage 

A carbon balance was carried out for the confectionery part of substrate in the first stage of 

the system (Table 5.8). 

Table 5.8 - Carbon balance for the first stage of the process. The ingoing elements were carbohydrate, fat and 

protein and the outgoing acetic acid, lactic acid, ethanol, carbon dioxide and biomass. 

Element Molecular formula 
Percent of substrate 

[%] 

Amount of 

element 

[mmol] 

Mass of carbon 

[g] 

In     

Carbohydrate CH1.67O0.83
a
 47 540 6.5 

Fat CH1.84O0.12
a
 34 640 7.7 

Protein CH1.58O0.31N0.27S0.004
a
 11 140 1.7 

Sum in   1320 15.9 

     

Out     

Acetic acid C2H4O2 - 16 0.4 

Lactic acid C3H6O3 - 47 1.7 

Ethanol C2H6O - 180 4.3 

Carbon dioxide CO2 - 23 0.3 

Biomass,  

15% of input C
b
 

- - - 2.4 

Sum out   - 9.1 

     

Difference, 

Sum in - Sum out 
   

6.8 

(43%) 
a
 Nielsen and Villadsen, 1994. 

b
 Approximation of biomass carbon from ingoing carbon (Fang and Liu, 2002). 

There is a difference of 6.8 g or 43 percent between the ingoing carbon and the outgoing 

carbon. This is a substantial amount of the carbon present in the substrate. But, this amount of 

carbon may be unfermented material. Since the withdrawal from the first stage is used as a 

substrate in the second stage, the actual loss throughout the whole process likely will be much 

lower. 

Hence, 57% of the carbon input has been fermented and ends up in the fermentation products 

acetic acid, lactic acid, ethanol, carbon dioxide and biomass. This transformation has occurred 

during two days. It is easier for the microorganisms in the second stage to digest one of these 

fermentation products instead of the original polymers (that first have to be hydrolyzed and 

then fermented in a one-stage reactor). Hence, the time for the substrate to be processed has 

been substantially shortened due to the possibility to optimize each stage. With shorter 

processing time it is possible to make the process more economic beneficial. 
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6 Conclusions 

The aim of this master thesis was to evaluate the biogas potential from confectionery 

products. As mentioned earlier in section 2, the evaluation was performed using a continuous 

two-stage process, batch experiments and theoretical calculations. 

Process wastewater, UASB and biogas engine 

The amount of process wastewater necessary to produce enough biogas for a gas engine to 

continuously convert the biogas to electricity was calculated to be between 75 000 m
3
 and 

857 000 m
3
. None of the contacted Swedish biscuit-, confectionery- or jam companies 

produced sufficient amounts of process water necessary to power such a continuous biogas 

engine. 

Confectionery waste products digested in batch digestion 

The methane potential from the evaluated confectionery products ranged between 430 and 

690 mL CH4/g added VS at 273 K depending on the composition of the substrate. The 

digestibility of these products is fast, full digestion (> 90% of the methane potential after 32 

days) was achieved within 12 days. The methane potential using two-stage process does not 

appear to be influenced, no decrease could be detected. 

Two-stage process using confectionery waste products as substrate 

The performance of a first-stage reactor using confectionery waste products as substrate was 

satisfying. The gas production was stable periodically, carbon dioxide content above 60% and 

pH was low (between 3.4 and 3.6). Addition of digester sludge from a methane-producing 

reactor to the first stage reactor influenced the pH and the VFA content. The pH increased to 

between 3.7 and 4.0 and the VFA increased in total concentration, i.e. more VFA is available 

when utilized in a second stage. The main fermentation products were acetic acid, lactic acid, 

ethanol and carbon dioxide.  

Considering the above conclusions, confectionery waste products are well suited for 
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Appendices 

Appendix A - Calculation of theoretical methane potential 

Carbohydrate 

To be able to calculate the methane potential from carbohydrates, the assumption is made that 

it consists of the general formula CH1.67O0.83 (Nielsen and Villadsen, 1994). It is also assumed 

carbohydrate will be completely oxidized to carbon dioxide and hydrogen gas. Carbon 

dioxide and hydrogen gas will react and form methane and water. 

CH1.67O0.83 + 1.17 H2O → CO2 + 2.005 H2 

(4 H2 + CO2 → CH4 + 2 H2O) ∙ 0.50, to even out the H2 

2.005 H2 + 0.50 CO2 → 0.50 CH4 + 1 H2O 

  CH1.67O0.83 + 0.17 H2O → 0.5 CH4 + 0.5 CO2 

This concludes that 1 mol carbohydrates will form 0.5 mol methane. 

Together with an molecular weight of 26.07 g∙mol
-1

 and the ideal gas law, p∙V = n∙R∙T, this 

will result in that 1 g of carbohydrate will give rise to (at 273 K) 

V = 0.5∙n∙R∙T∙p
-1

 = 0.5∙(1/26.07)∙8.314∙2 3∙101300
-1 

= 0.5∙8.31∙10
-4

 = 4.15∙10
-4

 m
3
  

= 415 mL methane. 

 

Fat 

With the same principles mentioned above together with the general formula for fat, 

CH1.84O0.12 (Nielsen and Villadsen, 1994), and a complete oxidization to carbon dioxide and 

hydrogen gas, the theoretical methane production can be calculated. 

CH1.84O0.12 + 1.88 H2O → CO2 + 2.8 H2 

(4 H2 + CO2 → CH4 + 2 H2O) ∙ 0. , to even out the H2 

2.8 H2 + 0.7 CO2 → 0.  CH4 + 1.4 H2O 

  CH1.84O0.12 + 0.48 H2O → 0.  CH4 + 0.3 CO2 

This gives that 1 mol of fat will convert to 0.7 mol methane. With a molecular weight of 

15.79 g∙mol
-1

 this will end up with that 1 g of fat will convert to (at 273 K) 

V = 0.7∙n∙R∙T∙p
-1

 = 0.7∙(1/15.79)∙8.314∙2 3∙101300
-1 

= 0.7∙1.42∙10
-3

 = 0.993∙10
-3

 m
3
  

= 993 mL methane. 
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Protein 

The same principles also apply to proteins, but it is assumed it will be completely oxidized to 

carbon dioxide, hydrogen gas, hydrogen sulfide and ammonium. It is also assumed the 

proteins have a molecular formula of CH1.58O0.31N0.27S0.004 (Nielsen and Villadsen, 1994). 

CH1.58O0.31N0.27S0.004 + 1.69 H2O + 0.27 H
+
 → CO2 + 0.27 NH4

+
 + 0.004 H2S + 2.07 H2 

(4 H2 + CO2 → CH4 + 2 H2O) ∙ 0.52, to even out the H2 

2.07 H2 + 0.52 CO2 → 0.52 CH4 + 1.04 H2O 

  CH1.58O0.31N0.27S0.004 + 0.65 H2O + 0.27 H
+
 → 0.52 CH4 + 0.48 CO2 + 0.27 NH4

+
 + 

0.004 H2S 

That is 1 mol of proteins will form 0.52 mol methane. With a molecular weight of 22.47 

g∙mol
-1

, 1 g of protein will give rise to (at 273 K) 

V = 0.52∙n∙R∙T∙p
-1

 = 0.52∙(1/22.47)∙8.314∙2 3∙101300
-1 

= 0.52∙9.97∙10
-4

 = 5.16∙10
-4

 m
3
  

= 516 mL methane. 

Table A.1 - Summary of methane potential from different substrates. The methane potential from 

carbohydrate, fat and protein is summarized in the table. 

Substrate Potential from 1 g VS at 273 K [mL] 

Carbohydrate 415 

Fat 993 

Protein 516 
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