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Summary 
The biogas process is an environmental friendly and sustainable way of producing energy and 
fuel. However, in order to be fully commercially competitive with other types of processes, 
efficiency improvements are needed. Three specific limitations in the biogas process were 
identified and studied through a case study at the Växtkraft biogas plant in Västerås, Sweden. 
First, in order to improve the capacity of the plant, pre-treatments of the different substrates are 
needed to break them up and by doing so increase the gas yield and the speed in which it is 
produced. Second, more knowledge of the mixing process inside the digester is needed to 
improve the performance of the fermentation process itself. Mixing is key in creating an optimal 
and stable environment for the microorganisms in the digester, because the mixing affects the 
mass transfer of all solids, nutrients, gases and other substances in the digester. 
Third, the current water treatment of the process water that is recirculated back to the process is 
unable to achieve the required separation of dry matter (DM) and this has a negative effect on 
the capacity of the plant. The feed for the digester is produced by mixing the process water and 
the substrate to make a pumpable slurry with a DM content of 8-10 %. When there is too much 
DM in the process water to begin with, less new substrate can be added to the mixture and 
subsequently fed to the digester. 
 
The full biogas potential of most organic materials cannot be extracted during the relatively 
short retention time of most digesters because of their complex structures. The organic materials 
are broken down too slowly and the nutrients cannot become biologically available in this short 
time span. This means that a lot of the bound energy in the organic material leaves the biogas 
plant with the liquid digestate. The efficiency of the process can be improved by pre-treating the 
material before digestion. Pre-treatment experiments to disintegrate ley crop silage using 
electroporation (EP), a treatment using electrical fields, were conducted to study its effect on the 
biogas yield. The experiments resulted in up to twice the amount of biogas being produced from 
the pre-treated material compared to untreated material. 
 
Numerical simulations of the mixing inside a digester were performed in order to understand the 
effect that a gas-lift mixing configuration has on the mass transfer in the system. The mixing 
dynamics were evaluated by testing five different flow rates of the injected gas and the effect of 
the liquid recirculation system. The results indicate that there are large unmixed zones and that 
changing the gas flow rate only has a marginal effect on these areas. The simulation also 
suggests that the outlet of the liquid recirculation system is situated too close to the gas 
injectors, resulting in energy losses that result in reducedmixing in the digester. 
 
Experiments to reduce the DM content of the recirculated process water were carried out using a 
ceramic ultrafiltration (UF) membrane. The flux through the membrane and the separation 
efficiency were investigated at different operating temperatures, 70°C, 90°C and 110°C. The 
results show that 59-63 % of the DM was separated in this temperature range and that the 
flux/flow through the membrane increased with the temperature. These results correspond to a 
29 % increase in the capacity to add new substrate. The energy required to heat the membrane is 
small in comparison to the increased methane yield if heat recovery is used. 
 
In an ideal scenario the improvements identified above could increase the methane yield by up 
to 40% and give a net power increase of 18 MW.
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Sammanfattning 
Biogasprocessen är känd som ett miljövänligt och hållbart sätt att producera energi och bränsle 
på, men för att kunna vara konkurrenskraftig med andra typer av processer måste 
effektiviseringar göras. Genom att studera biogasanläggningen Växtkraft i Västerås har tre 
begränsningar av denna typ av process identifierats. För det första, för att öka 
biogasanläggningens kapacitet är någon typ av förbehandling av de olika substraten nödvändig, 
detta för att sönderdela materialet och på så sätt öka gasutbytet och produktionshastigheten. För 
det andra, för att förbättra rötningsprocessen krävs mer kunskap kring omrörningen av 
rötkammarinnehållet. Omrörningen är nyckeln till att kunna skapa en optimal och stabil miljö 
för mikroorganismerna eftersom den påverkar masstransporten av samtliga substanser (fasta 
partiklar, näringsämnen, gaser o.s.v) i rötkammaren. För det tredje kan vattenreningen av det 
recirkulerande processvattnet inte nå önskad separering av torrsubstans (TS) och detta påverkar 
kapaciteten i anläggningen negativt. Suspensionen som används för att mata rötkammaren 
produceras genom att blanda processvatten och substrat för att få en pumpbar slurry med en TS-
halt på 8-10 %. När processvattnet redan innehåller stora mängder TS till att börja med innebär 
detta att mängden substrat som kan tillföras minskar. 
 
Den totala biogaspotentialen för de flesta organiska materialen kan inte tillvaratas under den 
relativt korta uppehållstiden hos de flesta rötkamrarna på grund av materialets komplexa 
strukturer. Det organiska materialet bryts ned för långsamt och näringsämnena hinner inte bli 
biologiskt tillgängliga under det tidsintervallet. Detta innebär att mycket av den bundna energin 
i det organiska materialet lämnar biogasanläggningen med rötresterna. Effektiviteten i processen 
kan förbättras genom att förbehandla materialet innan rötning och på så vis hjälpa 
mikroorganismerna att sönderdela materialet. Experiment för att sönderdela ensilerad vallgröda 
med elektroporation, en behandling som utnyttjar elektriska fält, genomfördes för att undersöka 
dess effekt på biogasproduktionen. Experimenten resulterade i en dubblering av mängden 
producerad biogas från det förbehandlade materialet jämfört med obehandlat material. 
 
För att förstå hur gasomblandningen påverkar masstransporten i systemet utfördes en serie 
numeriska simuleringar av omrörningen i en rötkammare. Genom att simulera omrörningen med 
fem olika gasflöden och genom att testa cirkulationssystemet kunde dynamiken i systemet 
utvärderas. Resultaten tyder på att det finns stora oblandade zoner och att ändringar i gasflödet 
endast har en marginell effekt på dessa områden. De tyder också på att utloppet av 
circulationssystemet ligger för nära gaslansarna, vilket resulterar i energiförluster i form av 
minskad omrörning i rötkammaren.  
 
Experiment utfördes för att minska TS-halten i det cirkulerande processvattnet med hjälp av ett 
keramiskt ultrafilter. Flödet genom membranet och separationseffektiviteten undersöktes vid 
olika drifttemperaturer, 70°C, 90°C och 110°C. Resultaten visar att 59-63 % av TS kunde 
avskiljas inom detta temperaturintervall och att flödet genom membranet ökade med 
temperaturen. Detta resultat motsvarar en kapacitetsökning att kunna tillföra nytt substrat på  
29 %. Den energi som krävs för att värma upp membranet, om värmeåtervinning används, är 
liten i jämförelse med den ökade metanproduktionen.  
 
Dessa förändringar i processen skulle i bästa fall kunna leda till en ökad metanproduktion med 
upp till 40 % och ge en nettoeffektökning på 18 MW.
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Nomenclature and Abbreviations 
Nomenclature

 Efficiency    (%)

 Density    (kg m-3) 

 Molecular viscosity   (kg m-1 s-1) 

q  Local volume fraction   (-) 

qV  Velocity of phase q   (m s-1) 

pqm  Mass transfer rate from phase q to phase p (s-1) 

q
S Mass source term for phase q   (s-1) 

F  External forces    (N) 

 Stress tensor    (N m-1) 

eff  Shear viscosity   (kg m-1s-1) 

eff  Bulk viscosity    (kg m-1 s-1) 

Abbreviations 

BMP Biochemical Methane Potential 

CFD Computational Fluid Dynamics 

CSTR Continuously Stirred Tank Reactor 

DCOD Dissolved Chemical Oxygen Demand 

DM Dry Matter 

EP Electroporation 

HHV Higher Heating Value 

MSW Municipal Solid Waste 

OLR Organic Loading Rate 

UF Ultra Filtration 

VS Volatile Solids 
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1 Introduction 

There is a lot of research currently in Sweden and elsewhere on ways to improve and optimise the 
biogas process and the plants already in operation. The production of biogas has many advantages 
compared to other biomass based processes for production of energy or fuel. Biogas can be produced 
from any type of biomass whether it is a pure substrate or a mix of materials like municipal solid 
waste (MSW). The biogas process can deal with substrates with different water contents, from wet 
materials like sewage sludge to dry material like straw. Few other conversion processes can deal with 
this degree of variation in the substrate. 
 
Since January 2005 Swedish regulations prohibit the dumping of organic material (SFS 2001:512), 
and combined with the European goal of using 20 % renewable energy by the year 2020 have acted as 
a strong incentive to increase the production of biogas from different types of organic materials and 
especially from waste. 
 
There is great potential for biogas production from different types of organic residues as well as from 
different crops, farm land residues or graze. These residues are available today and are often seen as a 
problem instead of the resource they really are. In Sweden alone the total potential for biogas 
production is estimated to be 17 TWh per year, a volume of biogas that could satisfy 20 % of the fuel 
demand of all private cars in Sweden (Swedish Biogas Association 2004). However, the technology 
for biogas production is still developing, not yet optimised and therefore not fully cost effective. 
Improvements in the efficiency of the process are needed to make it fully commercially competitive 
with other types of fuels. 
 
As the demand for biogas increases, plants need to increase their gas production to meet that demand. 
This can be done by optimising current plants to maximise the output and increasing their capacity so 
that they can treat more substrate. The second step is to construct new digesters and plants using the 
latest knowledge and technology. 
 
The wet fermentation process is based on a low dry solid content of below 15 % to allow easy 
handling of the material with conventional pumps, separation of pollutants by sedimentation and 
flotation, the use of heat exchangers to control the temperature and simple mixing equipment inside 
the digesters. There is also a lot of accumulated experience of working in this type of wet process from 
the water treatment sector, making it easy and cheap to find equipment and knowhow for this kind of 
installation. The high water content in the process is also associated with some negative qualities, 
including the requirement for large volume digesters, problems with dewatering and water treatment, 
and costly transport for the digestate. 
 
The aim of the research presented in this thesis is to investigate and evaluate possible improvements in 
the biogas process and existing biogas plants. 
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1.1 Present process limitations 
The Växkraft biogas plant in Västerås, Sweden is used in this thesis as a case study for understanding 
the limitations and possibilities of the biogas process and how the process can be improved. The 
limiting factors identified were all related to mass transfer in the process and the potential to increase 
capacity of the biogas plant may be found through studying mass transfer in individual parts of the 
process. Three specific limitations have been identified and studied: lack of pre-treatment, lack of 
knowledge about the effects of mixing in the digester and capacity limitation due to poor waste water 
treatment. 
 
There is increasing interest in the use agricultural products, residues and graze for biogas production. 
These materials can be difficult to break down during the retention time of a digester and as a result 
some of the nutrition and gas potential in the substrate is lost when the digestate is extracted from the 
digester. Ley crop is a mix of grass, clover and other plants that are used in crop rotation to naturally 
fertilise the soil with nitrogen, and can be used for biogas production after harvesting. The complex 
structure of the ley crop limits the microorganisms access to the nutrients inside causing the 
breakdown to occur slowly. In order to increase biogas yield from this kind of substrates a pre-
treatment step is required to increase the speed of the conversion process. Ley crop silage is one of the 
substrates used at the Växtkraft biogas plant and the use of pre-treatment on this material has been 
suggested to improve the gas yield. 
 
The digester is effectively a black box with limited or no possibilities of control. Researchers stress the 
importance of mixing inside the digester to benefit the microorganisms and increase the biogas yield. 
There are no real guidelines available for the dimensions of the mixing equipment or on how to run the 
mixing for the best possible result. The digester at the Växtkraft biogas plant is a continuously stirred 
tank reactor (CSTR). This type of reactor is often assumed to be perfectly mixed when calculations are 
performed and when models are constructed. This assumption is far from the truth and is used to 
simplify a complex part of the biogas process with a potentially large impact on the result. In order to 
improve the mixing it is not only important to understand where the unmixed zones are and how the 
intensity of the mixing affects the mass transfer and the activity of microorganisms but also how this 
can be achieved in a full scale biogas plant. 
 
Dewatering of the digestate and the consequent production of process water is one of the bottlenecks 
that has a large impact on the capacity of the plant. The incoming substrate must be mixed with the 
process water to allow the substrate and water mix (slurry) to be pumped throughout the plant and 
facilitate easier mixing inside the digester. The pumps can only handle a certain viscosity before they 
fail as a result of too much friction. Viscosity is not a routinely measured parameter in the biogas 
plant. The dry matter (DM) content of the produced slurry is used as a measure of viscosity, and 
empirical knowledge is used on-site to calculate a suitable mixing ratio between the two streams. At 
Växtkraft the optimal DM content of the produced slurry is 8-10 %. Limitations arise due to 
inadequate separation of DM from the process water during dewatering. This leads to increasing DM 
content in the process water over time and a change in the mixing ratio between the process water and 
the organic substrate, which leads to a capacity loss by decreasing the ability of the plant to treat new 
substrate. The dewatering must be improved for better DM separation without the addition of 
chemicals that might negatively affect the quality of the fertiliser produced. 
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1.2 Objectives 
The objective of this thesis is to investigate possible means of optimising the biogas process. A 
detailed list of the papers and the objectives of each one of them are listed below. 

Paper I J. Lindmark, A. Lagerkvist, E. Nilsson, L. Andreas, M. Carlsson, E. Thorin, E. 
Dahlquist, Pre-treatment of substrate for increased biogas production, Submitted to the 
Special Issue: ICAE2010, journal of Applied Energy on 30 September 2010. 

Objectives To investigate experimentally 

 (i) the effect of an electroporation (EP) pre-treatment on ensilaged ley crop. 

 (ii) the effect of different settings of the EP equipment on the biogas yield. 

 (iii) the energy balance of the EP treatment. 

 

Paper II J. Lindmark, R. Bel Fdhila, E. Thorin, On modelling the mixing in a digester for biogas 
production. In Proceedings of MATHMOD 09, 6th International Conference on 
Mathematical Modelling, Vienna, Austria, 2009. 

Objectives (i) Simulation of the flow of gas and liquid inside the digester to identify the low flow 
areas. 

 (ii) Determination of the effect of the gas flow rate on the overall mixing. 

 (ii) Identification of problems (if any) with the current gas-lift mixing configuration. 

 

Paper III J. Lindmark, E. Thorin, J. Kastensson, C.M. Pettersson, Membrane filtration of process 
water at elevated temperatures - a way to increase the capacity of a biogas plant, article 
in press (DOI: 10.1016/j.desal.2010.09.020) 

 

Objectives To investigate experimentally 

(i) the DM separation efficiency of a ceramic ultra filtration (UF) membrane. 

(ii) the effects of different temperatures on the flux. 

(iii) the effects of the addition of an ultra filtration membrane on the capacity and 
economy of a biogas plant. 
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1.3 Contributions 
In this section the contributions made by the individual papers to the research field are stated. 
 
C1 A new method for pre-treating ley crop silage is evaluated. This thesis shows that the 

biogas yield from ley crop silage can be improved considerably by treating it using 
electroporation (EP) technology and electric fields to make the nutrients inside the 
substrate more accessible to the microorganisms. The method is evaluated from a 
energy perspective using an energy balance which makes it easier to compare the 
electroporation treatment with efficiencies of other pre-treatment technologies.  

 
C2 Possibilities and limitations of the practical use of gas-lift mixing are identified in this 

thesis. A new model has been developed and the low flow zones in the digester have 
been identified and visualised by simulating the mixing. The effects of different gas 
flow rates through the gas injectors on the overall mixing have also been determined. 
There is also consideration of how the mixing can be changed without alterations of the 
digester or the gas injectors. The thesis shows that the close proximity of the gas 
injector to the main circulation outlet is undesirable because of the loss of momentum 
and energy from the mixing. The model and the data can be used as a framework for 
improvement of the mixing.  

 
C3 A new method to increase the capacity of a biogas plant by adding a filtration step to 

the process water treatment has been evaluated. The pre-treatment of new substrate is 
dependent on process water with a low DM content. This can be facilitated by a UF 
membrane. The thesis considers separation efficiencies, the effects of different 
temperatures on the flux and a first economic analysis of the application.  

 

1.4 Methodology 
The aim of this thesis was to test and evaluate different ways to improve the capacity and the gas 
production of a biogas plant. The first step was to gather knowledge about the limitations and the 
possibilities of the process by studying a real biogas process in operation. Existing statistics, newly 
collected data and close study of the process at the Växtkraft biogas plant enabled the establishment of 
a good picture of the limiting factors. 
 
In order to maximise the yield from a substrate for biogas production some kind of pre-treatment is 
needed. Ley crop silage is not an agricultural residue but a valuable feed for animals and livestock. 
This means that extra care must be taken to ensure that this substrate produces a high biogas yield. 
Experiments have been performed on disintegration of ley crop silage before digestion using electrical 
fields. The EP technique is based on a reaction chamber where an electric pulse is transmitted through 
the material between two or more electrodes, causing the material to disintegrate and become more 
accessible to microorganisms. The equipment used here was set to between 65 and 1000 pulses of 67.2 
Joules with a current of 20-40 mA. The experiments were performed to study the effects of EP pre-
treatments on ensilaged ley crop and the effects of different parameters on the results. The parameters 
tested include different settings for electric current, distance between electrodes and number of pulses, 
and the result is presented as the change in the biogas yield of the substrate. 
 
There is a shortage of knowledge of how to optimise the mixing inside a full scale digester. There is a 
lot of data available about the microorganisms involved in the biogas production and the parameters 
that are important for the control of the process, but all the control measures are rendered meaningless 
if they cannot be applied in practice. A mathematical model of a digester with a gas-lift mixing 
configuration was constructed to provide information about the mixing. The model was developed 
based on real geometry and data from the Växtkraft biogas plant. The model was used to simulate the 
flow of gas and liquid inside the digester, identify the low flow areas, determine the effect of the gas 
flow rate and to identify problems with the current gas-lift mixing configuration. 
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Water treatment makes a very important contribution to the capacity in the wet fermentation biogas 
process when water is recirculated back to dilute incoming material. A UF membrane unit was set up 
at the plant and a series of experiments was performed to study the DM separation efficiency, the 
effects of different temperatures on the flux and their effect on the capacity and economics of a biogas 
plant. Temperatures between 70-110°C were tested as part of this study. 
 

1.5 Thesis outline 
This thesis is based on the content of three scientific papers (I-III) which share the common aim of 
increasing knowledge of optimisation of the industrial biogas production process. Figure 1.1 shows a 
simplified process scheme and the different areas to which the papers contribute. The licentiate 
describes the experiments (Paper I and III) and the simulation (Paper II) and how they are interrelated. 
Paper I contains a brief introduction to the EP technology and describes the experimental results of 
treating ley crop silage for biogas production. Paper II presents a model and simulation results of the 
mixing inside a digester with a gas-lift mixing configuration. Paper III describes the experiments to 
reduce the DM content of the process water and thereby increase the capacity of the biogas plant by 
using a UF membrane unit and running it at different temperatures to vary the flux. 
 
 

 

 
 
 
 
 
 
 
 
Figure 1.1 A simplified scheme of the process showing the pre-treatment, the digestion and the sludge treatment, 
and the locations of the different capacity increasing measures considered in these papers (I-III). 
 
 
  

Digestion
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The thesis is divided into the following 6 chapters: 

Chapter 1 The introduction presents a background to the field by defining the problems, objectives 
and the methodology used in the thesis, and states the contributions of this thesis to the 
research area. 

Chapter 2 Places the content and the contributions of this thesis in the context of the background 
and related research. 

 
Chapter 3 Describes the methods used to set up and perform the experiments and simulations. 
 

Chapter 4 Presents and discusses the results. 
 

Chapter 5 Presents the conclusions of the thesis. 
 

Chapter 6 Presents current research activities and further proposed work. 
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2 Background and related work  
Presents related work and knowledge in the biogas area to provide a context for this licentiate and 
frame the work that has been performed. The biogas plant Växtkraft where all data and samples for the 
studies were collected is also introduced.  
 

2.1 The biogas process 
The decomposition of organic material is a naturally occurring process. Under moist and anaerobic 
conditions some types of microorganisms can produce methane during the decomposition. Methane is 
an energy rich gas that can be used for heat and energy production or as a vehicle fuel. The main 
metabolic pathways to produce methane are well characterised (Deublein and Steinhauser 2008, 
Gerardi 2003) but many factors that can affect the results of the digestion process are not fully 
understood today. Biogas, a mix of different gases mainly consisting of carbon dioxide and methane, 
is produced during the digestion process. The organic materials digested in a biogas plant are called 
substrates. Different substrates result in different biogas compositions and yields. An advantage of the 
biogas process is that almost any type of organic material can be digested. This opens up the 
possibility of producing the gas locally. 
 
Depending on the water content of the substrate, different process configurations can be selected. Wet 
substrates with a DM content below 15 % should be digested in a wet fermentation process. Substrates 
with higher DM contents may be digested in either dry or wet fermentation processes, because diluting 
the incoming material with water does not require a lot of energy, unlike dewatering. The biogas 
yields of different substrates are determined by the proportion of organic DM content and their 
composition of carbohydrates, fats and proteins (Carlsson 2009). However, not all substrates are easily 
degraded. On the micro scale the mass transfer between the microorganisms and the substrate can be 
inhibited by the complexity of the organic materials, resulting in slow gas production and a low gas 
yield. Different pre-treatments can help to reduce this inhibitory effect by breaking up the material and 
allowing the microorganisms and the enzymes easier access to the material and the nutrients. Figure 
2.1 illustrates the aim of a pre-treatment process, breaking up plant fiber and allowing the 
microorganisms access. 
 

 

Figure 2.1 Disintegrated plant fibers open up, allowing microorganisms to begin decomposition. 
 
On the macro scale, the mass transfer may be inhibited by inadequate mixing. The fermentation 
process relies on good and even mixing to distribute the microorganisms and nutrition, inoculation of 
fresh feed, homogenisation of the material and the removal of end products of the metabolism 
(Deublein and Steinhauser 2008). Figure 2.2 illustrates the operation of the gas-lift mixing mechanism. 
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Figure 2.2 CFD simulation showing the effect of the gas-lift mixing as velocity contours. The different colors in 

the figure represent different liquid velocities with red as the highest velocity. 
 

There are many different biogas plant designs but the basic layout is usually similar. Figure 2.3 shows 
the process scheme of the Växtkraft biogas plant, illustrating the context in which this thesis is written. 
This research has been performed in close cooperation with the Växtkraft biogas plant. This figure 
provides an overview of the case study plant where most of the data was collected. The Växtkraft 
biogas plant in Västerås, Sweden, began operations in 2005, treating and producing vehicle fuel 
mainly from the organic fraction of the MSW (biowaste) from nearby cities, fat removal sludge from 
restaurants and ley crop silage from local farmers. The digester has a total volume of 4000 m3 and 
produces 1.8 million cubic meters of methane each year. The fermented material, the digestate, is used 
for the production of solid and liquid fertilisers. The fertiliser is a certified product for ecological 
farming.  
 

 

Figure 2.3 A process scheme of the Växtkraft biogas plant. The figure shows where the substrates are added 
(blue boxes) and where the waste fractions (orange boxes), the digestate and the biogas (green boxes) are 
extracted from the process.  
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The different process steps used to convert the substrate into the energy rich gas have the following 
functions:  
 

1. The first step in the process is the crusher which opens the paper (and plastic) bags in which 
the biowaste is delivered and breaks up the organic material into smaller pieces. The larger 
pieces of plastic and paper are then separated away from the process. 

2. The turbomixer produces a slurry from the incoming biowaste and process water. This slurry 
can then be pumped through the rest of the process. 

3. Pollutants that still remain in the slurry are removed by passing it through a screen, which 
removes the light waste fraction, and then settling in a sedimentation basin, which removes the 
heavy waste fraction. The fat removal sludge is added at this stage. 

4. The suspension buffer tank is filled during the day to allow for continuous feeding of the 
digester during the night, when no new substrate is added to the process. 

5. Sanitation is the last step before the digester. In this step the slurry is treated to kill harmful 
microorganisms by heating to 70°C for one hour. 

6. The slurry/feed is pumped into the digester and mixed with the active microorganisms. The 
slurry is then broken down and converted to biogas over a 20 day retention period at 37°C. 
Mixing inside the digester is achieved by a gas-lift mixing configuration, where biogas is 
pumped down and re-injected into the digester at the bottom, creating an upward flow of 
liquid as the gas floats to the surface. The ley crop silage is added directly into the digester. 

7. The digested material is then centrifuged to produce new process water and a solid 
digestate/fertiliser. 

8. The process water is stored in a buffer tank and reused in the turbomixers to produce new 
slurry or removed from the process to a liquid digestate/fertiliser storage tank. 

 

2.2 Electroporation 
There are several pre-treatment processes currently being studied that show potential for increasing the 
biogas yield of organic materials. One of these is electroporation (EP). This type of pre-treatment has 
previously been suggested and studied for the treatment of sewage sludge (Choi et al 2006) and 
source-sorted municipal organic solid waste (Carlsson and Lagerkvist 2008, Uldal et al 2009) before 
digestion in a biogas plant. Pre-treatment of waste activated sludge has been shown to increase biogas 
production 2.5 -fold compared to untreated material (Choi et al 2006), and treatment of municipal 
solid waste has resulted in increases of up to 14 % (Uldal et al 2009). Agricultural residues such as ley 
crop silage also have great potential as substrates for biogas production, but there are no reports of EP 
treatment being applied to this substrate. 
 
EP technology has previously been used and studied in connection with molecular transport for 
medical purposes (Weaver, 2000, Tsong, 2001), and in the food industry to change the properties of 
fruit and vegetables (Knorr et al 2001, Bazhal et al 2003, Lebovka et al 2002). The mechanisms of 
pore formation during the application of an electrical field during the EP technique have been 
extensively reviewed (Weaver and Chizmadzhev 1996, Chen et al 2006). EP causes pores to be 
formed in the cell membranes in the material. These pores may be either reversible or irreversible. 
Irreversible breakdown or rupture of the cells releases the cell contents. The optimal field strength is 
dependent on the cell type, its geometric size (Lebovka et al 2002) and how developed the cell wall is 
(Bazhal et al 2003). The frequency and the specific energy input per pulse can be manipulated and 
optimised for specific substrates (Ade-Omowaye et al 2000). 
 

2.3 Mixing 
The mixing inside the digester is usually not actively controlled but occurs continuously at the same 
intensity independently of the stability of the fermentation process in the digester. One important area 
for possible improvement of digester performance is to increase the reaction rate by optimising the 
mass transfer and the mixing intensity in the digester.  
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This leaves the question of how well the total volume of the digester is being used for the fermentation 
process and how this can be improved. There are no really good rules to guide the degree of mixing 
required for good gas production. A general recommendation from the United States Environmental 
Protection Agency (EPA) is a power input of 5 to 8 W/m3 of digester volume (US EPA, 1979). Many 
researchers today argue that too much mixing may be bad for the process and that a reduction in 
mixing intensity leads to better reactor performance (Stroot et al 2001, Vavilin and Angelidaki 2005). 
The microorganisms in the digester are sensitive to excessively intense mixing, which can inactivate 
them (Deublein and Steinhauser 2008). 

The aim of good mixing is to create a uniform temperature gradient in the reactor, to remove floating 
and sinking layers and prevent the substrate from leaving the digester prematurely due to short 
circuiting of the flow (Deublein and Steinhauser 2008). As mixing helps to control the process and the 
environment for the microorganisms there are possibilities to improve the process by understanding 
the effects of mixing and stirring inside the digester. Although mixing is said to be an important factor 
for biogas production there has not been a lot of work done in this area.  

Mixing in a digester can be performed in a number of ways. It can be achieved by different types of 
mechanical mixing, hydraulic mixing using pumps or pneumatically using the gas itself to mix the 
liquid. Mechanical mixing with different types of agitators is the most commonly used mixing in 
Europe today (Deublein and Steinhauser 2008). Pneumatically forced circulation makes up around 12 
% of the mixing systems in Europe. Three types of gas-lift mixing are used in digesters, free and 
unconfined release of gas from the bottom, confined gas release inside a draft tube and the use of large 
bubbles to create a piston pumping action (US EPA, 1979). An advantage of pneumatically forced 
circulation is that there are no moving parts in the digester that might break, collect debris or foul. The 
gas injectors can get blocked if the flow rate is too low or if there is a disruption in the gas supply but 
this can be solved by flushing the injector.  

Research into gas-lift mixing in digesters using a draft tube has shown that a large proportion of the 
total volume may be poorly mixed (Karim et al 2004, Karim et al 2007), particularly around surfaces 
near the bottom of the digester. Studies show that poorly mixed zones can make up as much as 33.6 % 
of the digester volume (Karim et al 2007). This leaves plenty of room for improvement of the digester 
and gas injection configurations. Previous research shows that increasing the gas flow to three times 
its original flow rate does not create a significant reduction in stagnant zones in the bioreactor (Karim 
et al 2004). Increasing the amount of gas injected is therefore unlikely to be a good solution. Mixing of 
new material and bacteria is low to non-existent in the stagnant zones. In order to make use of the full 
volume of the digester and to avoid sedimentation, these stagnant zones should be minimised. 
Deposition of material near the walls at the bottom of the digester is to be expected according to 
experiments on gas mixing within a draft tube (Karim et al 2007). 

 

2.4 Membrane filtration 
Water consumption at a biogas plant can be reduced by recirculating the water back to the process 
after the residual DM in the digestate has been separated and removed. Conventional techniques for 
treating the water include the use of belt-type presses, chamber filter presses, decanters or centrifuges 
(Deublein and Steinhauser, 2008). These processes do not always separate the desired amount of DM 
from the process water, and this limits the capacity for additional substrate. The residual DM in the 
process water has already been through the process at least once and is likely to have lost most of its 
biogas producing potential. 
 
According to statistics from the Växtkraft biogas plant the DM content has doubled since the plant 
began operating in 2005, and is presently 4%. This corresponds to a 25% decrease in capacity. This 
increase in the DM content has built up gradually over time and has led to the hypothesis that there is a 
buildup of resilient material in the digester that cannot be easily degraded. Continuous reduction of the 
DM content of the process water should substantially increase and maintain the capacity. 
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Polymers are often used to produce flocks that are easier to separate from the liquid in order to 
enhance the separation efficiency of the water treatment. The drawback with polymers is that they 
contaminate the sludge, limiting its usefulness as a fertiliser. Several novel organic polymers that do 
not have adverse effects on the sludge have been tested at the Växtkraft biogas plant, but have not 
produced satisfactory results. 
 
Membrane filtration is a well known technology that has been used in different industries and 
processes for several years. Membrane filters have many applications including oil and water 
separation, drinking water treatment, desalination and separation in dairy industries. UF membrane 
units are used to separate all suspended solids and some high molecular weight organic compounds 
such as proteins from the water phase (Wagner, 2001). Important factors when operating a membrane 
filter are the flux, separation efficiency and the long term performance. Each application has different 
requirements and the function of the membrane has to be evaluated to determine its suitability for each 
individual process. Membrane filtration technology has been studied for use in anaerobic reactors and 
the biogas process for different applications (Pillay et al 1994, Elmaleh and Abdelmoumni 1997) and 
for cleaning the process water (Beaubien et al 1996), but there is a clear knowledge gap regarding the 
effectiveness and economic aspects of such an installation.  
 
Many different types of membranes are available on the market, each suited to different applications. 
There are limits in operation parameters such as pH, pressure and temperature, depending on the 
material the membrane is made from. The ability of some membranes to withstand temperatures above 
100°C opens up the possibility of treating large quantities of liquids in smaller installations. Higher 
temperatures result in a higher flux or flow through the membrane. By changing the temperature of the 
liquid the viscosity can be altered to create favourable conditions for the filtration process (Ince et al 
2001). However, the cost of running the membrane increases with increasing operating temperature. 
Experiments carried out in the pulp and paper industry using ceramic UF membranes in the separation 
of solids in kraft black liquor at different temperatures have shown that temperature has a large 
influence on the flux (Saddoud et al 2007, Zhang et al 2008). 
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3 Methods and Experiments 
This chapter presents a numerical simulation of the mixing inside the digester (Paper II) and the two 
experimental studies (Papers I and III). The first experiment was performed to study the effect of an 
EP pre-treatment on the biogas yield from ley crop silage (Paper I) and the second experiment was 
performed to study the use of a UF membrane to clean the process water at the biogas plant (Paper 
III). All experiments and simulations were done in close cooperation with Svensk Växtkraft AB, using 
data, taking samples and using their biogas plant as a case study. 
 

3.1 Electroporation of ley crop silage 

3.1.1 Inoculumn and ley crop silage 
The ley crop silage used for this experiment had a DM content of 50.8 % and a volatile solid (VS) 
content of around 90 %. The ley crop silage can be seen in figure 3.1. Most of the silage sample was 
shredded to produce a fine fraction while some material was saved as a coarse fraction. Fine and 
coarse fractions were mixed with water to produce mixtures with a total DM content of 8 % for the 
experiments. The inoculum for the anaerobic digestion was collected from the anaerobic digester at 
Luleå Wastewater Treatment Plant. 
 

Figure 3.1 Ley crop silage sample used in the pre-treatment experiments. 

  



28 
 

3.1.2 Experimental setup 
The EP equipment was built by KEA-TEC GmbH in Germany for batch experiments with volumes of 
up to 1 L. The equipment can be operated with field strengths of up to 40 kV/cm at 10 Hz. Two 
reaction containers with volumes of 1 and 0.1 L respectively were used during the experiment. The 
containers had different electrode configurations and the distance between the electrodes in the smaller 
reaction container was variable. Different amounts of silage can be treated depending on the size of the 
reaction container and the distance between the electrodes. The different parameters and settings tested 
during these experiments include the use of different reaction containers, electric currents, distance 
between electrodes and number of pulses used. The different settings tested are summarised in Table 
3.1. 
 
Table 3.1 The different settings of the EP experiment. 

Setting Reaction 
Container Fraction Sample 

volume 
Electric 
current 

Distance 
between 

electrodes 

Number of 
Pulses 

A Small Fine 100 ml 40 mA 0.05 m 100 

B Small Fine 65 ml 40 mA 0.025 m 65 

C Small Fine 100 ml 20 mA 0.05 m 100 

D Small Fine 65 ml 20 mA 0.025 m 65 

E Large Fine 1000 ml 40 mA 0.1 m 1000 

F Large coarse 1000 ml 40 mA 0.1 m 1000 

 

Three parallel samples were treated at each setting. Untreated material from the different fractions was 
also saved as control samples. Settings A-E were used on the fine fraction of the silage. Setting F was 
identical to E, except that it was used on the coarse silage fraction for comparison. Each pulse 
contained 67.2 Joules of energy, making the total energy supplied per ml of substrate the same in each 
setting (A-F). The EP experimental setup and a simple illustration of its function are shown in Figure 
3.2. When switch A is closed the capacitor is charged and when switch B is closed the stored charge is 
discharged into the reaction container. 

 
 
Figure 3.2 The EP experimental setup and a simplified illustration of its function. 
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3.1.3 Analysis 
The conductivity, pH, DM content, VS and dissolved chemical oxygen demand (DCOD) content of 
the samples were measured (both for the treated and untreated material). The DCOD content was 
analysed using the reagent kit Lange LCK 114. Before the DM content was analysed, the pH value 
was adjusted to 9 to stop evaporation of the volatile solids during the analysis (Lagerkvist and Chen 
1993). The DM content and VS were then analysed using the Swedish standard (SS 028113-1). 
 
3.1.4 Biochemical methane potential 
The results of the pre-treatments were evaluated by a biochemical methane potential (BMP) 
experiment. This experiment enabled recordings of the biogas yield and the speed of digestion from 
the different samples. For the experiment, EP treated and untreated control samples were digested 
batch-wise in separate 100 ml bottles at 30°C, the mesophilic temperature interval, without mixing. 
Each 100 ml BMP bottle was prepared with 20 ml of silage and water mix, 20 ml of inoculum and 
water was added to make up a total volume of 60 ml. The amount of biogas and the rate at which it is 
produced can be calculated by measuring the pressure in the bottle during the digestion. Nine samples 
were analysed in triplicate, making a total of 27 BMP samples. The samples included one for each of 
the six EP settings (Table 3.1), a sample for each type of untreated material (fine and coarse) and a 
sample with the active anaerobic sludge. A BMP setup can be seen in figure 3.3. The results of the 
experiments can be compared and the effects of each pre-treatment can be seen as an increase or 
decrease in gas production or a change in the speed of fermentation. 
 

 
Figure 3.3 BMP experiment for investigating pre-treatment of ley crops. 
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3.2 Mixing inside a digester 
 
3.2.1 The model 
The geometry and boundary conditions of the model were defined to resemble the digester at the 
Växtkraft biogas plant. The geometry of the digester is cylindrical with gas injection arranged 
symmetrically around the centre at the bottom, and is therefore assumed to be axisymmetric in the 
model, meaning that both the geometry and calculations can be simplified and translated to a 2D plane 
for visualisation. The gas injection is also simplified to allow for a high quality mesh. The digester 
model has a height of 19.5 m and a radius of 8.5 m. A liquid outlet is placed on the bottom close to the 
central axis and the liquid from the outlet is reintroduced into the digester through an inlet through the 
side wall close to the bottom to model the liquid recirculation system. The geometry is illustrated in 
Figure 3.4. 

 
Figure 3.4 The geometry used in the simulation of mixing in the digester. 
 

3.2.2 The simulation 
A computational fluid dynamic (CFD) simulation was created from information collected at Växtkraft 
to obtain data and an understanding of the function of the current mixing configuration. Simulations 
and an evaluation of the liquid circulation were performed to study the effects of different gas flow 
rates in the gas injection system. The physical properties of air and water were used in place of the 
liquid and gas properties respectively. The different simulations performed are summarised in Table 
3.2. This study applied the Volume-Of-Fluid model. This model is valid for two or more immiscible 
fluids (or phases) that are separated by fluid/fluid interfaces. The method is based on a single set of 
momentum and turbulence equations while tracking the volume fraction of each phase in the mixture. 
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Table 3.2 Setup of the mixing simulations in the digester using  
different gas flow rates and an evaluation of the liquid circulation. 

Simulation 
Gas flow rate in % 
of max flow rate liquid circulation 

1 100 Off 
2 80 Off 
3 60 Off 
4 40 Off 
5 20 Off 
6 20 On 

The numerical predictions allow visualisation of the flow pattern of the liquid and gas, to examine the 
mixing to indicate accurately the areas of low flow where sand sedimentation can occur and to study 
the recirculation time. These parameters are essential to compare different digester configurations. 
Sand deposits on the bottom may also affect the mixing in the digester and occupy valuable space, 
excluding the fermentation process. The model builds an overall picture of flow patterns and stagnant 
zones and enables evaluation of the sedimentation frequencies for each configuration. The model is 
ultimately aimed at helping to find a way to improve the quality of the mixing. 
 

3.2.2.1 Material properties 
The physical properties used in the simulation are averages of the phasic quantities weighted by the 
local phasic volume fractions. The effective density and molecular viscosity in a cell are 

qq and qq  respectively, where the index q indicates the fluid phase q, q is the 
local volume fraction of the phase q. 
 

3.2.2.1 Continuity equations 
The continuity equation for phase q is 

n

p
qppqqqqqq

q

mmSV
t q

1

1 (1) 

qV is the velocity of phase q. The terms pqm  and 
q

S are the mass transfer rate from phase q to phase 

p and the mass source term for phase q respectively. Both pqm  and 
q

S are equal to zero in this first 

order mixing investigation. The primary phase volume fraction is computed based on the following 
constraint: 

1
1

n

q
q .     (2) 

3.2.2.1 Momentum equations
The momentum equations, shared by all phases, are similar to the single phase case: 

FgpVVV
t

(3) 
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Where F represents possible external forces and  is the stress tensor: 

IVVV effeff
T

eff 3
2

(4) 

eff and eff  are the shear and bulk viscosities and include both the laminar and turbulent 
contributions. 
 

3.2.2.1 Turbulence model
The turbulence is modelled using the Reynolds stress model. The Reynolds stresses and turbulent 
dissipation rate transport equations are similar to the single phase flow case. However, the physical 
properties are weighted averages as in the momentum equations. This advanced turbulence model was 
required because of the strong recirculations and large meniscus curvature in the bioreactor. 

 

3.3 Membrane filtration of the recirculated process water 
 

3.3.1 Experimental setup 
The UF membrane pilot plant was built for batch experiments and has an internal tank volume of 70 
dm3. The membrane used is produced by Atech Innovations Gmbh and is 1200 mm long with a 
surface area of 0.53 m2 which is divided over 37 channels each with an internal diameter of 3.8 mm. 
The membrane has a 50 nm pore size, a 300 kD molecular weight cutoff and like most membrane 
filters, it is set up for crossflow filtration with the feed flowing parallel to the membrane to avoid 
clogging. The pilot plant is shown in Figure 3.5. 
 

 
 

Figure 3.5 The UF membrane filtration unit used in the experiments on reducing the DM content of the 
recirculated process water. 
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The process water is preheated with an oil heater to the set temperature of 70°C, 90°C or 110°C before 
the start of each batch filtration. The liquid flow and the transmembrane pressure are kept constant at 
2.0×105 Pa during all experiments,  in order to identify the effect of the temperature on the flux. The 
setup is shown in Figure 3.6. 

 

Figure 3.6 Process scheme of the UF membrane filtration unit used in the experiments on reducing the DM 
content of the recirculated process water. 
 

3.3.2 Analysis 
The DM content of the process water, the concentrated liquid and the permeate from the membrane 
were determined using a moisture balance (MA 45 Sartorius) as previously described (Thorin et al 
2009). The value was determined as the mean of at least two samples. The determination of the DM 
content with the moisture balance was checked against the Swedish standard method (SS- 28113) for 
samples from two filtration tests. 
 
3.3.3 Energy and economic analysis 
Before installation of this type of membrane system it is important to evaluate its effect on the energy 
and economic balance of the plant. Information about the energy use, prices and operational costs of 
the membrane installation, was used together with data from the experiments to estimate the energy 
use and revenues. The energy balance of four different setups, 1, 2, 3 and 4 producing 10, 20, 26, 32 
m3 h-1 of permeate respectively, were evaluated at 90°C and 100°C. The economic balance of the 
plant was evaluated for the same setup but only at 100°C. 
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4 Results and discussion 
This chapter presents the results from the different papers (I-III) individually. The results are then 
evaluated together to show the potential overall effect of the combined changes on the capacity of the 
process. 
 

4.1 Electroporation of ley crop silage 
The results of the BMP experiments are shown in Table 4.1. All samples were digested in individual 
BMP bottles in parallel with three samples of each fraction for comparison. Test series 1-4, treated in 
the small reaction container, showed increases in biogas production of 92 %, 108 %, 80 % and 49 % 
respectively after 36 days of digestion and increases of 84 %, 98 %, 86 % and 101 % respectively after 
75 days of digestion compared to the untreated fine fraction series. Test series 5-6 were treated in the 
large reaction container with a larger number of pulses, and showed very poor results and led to 
decreases in gas production compared to the control samples. The reason for the low gas yield is 
unknown and further experiments are needed to see whether this was an effect of the reaction 
container or if the samples were over exposed due to the large number of pulses. Because of the large 
standard deviations in the accumulated gas production a sensitivity analysis of the pre-treatment was 
also performed and is described in Paper I. 
 
Table 4.1 Biogas production after 36 and 75 days of digestion following pre-treatment of silage with EP. 
Test series Fraction Electric current pulses Total accumulated gas 

production (ml/g VS) 
after 36 days 

Total accumulated gas 
production (ml/g VS) 

after 75 days 
A fine 40 mA 100 433 ± 29 571 ± 13 
B fine 40 mA 65 469 ± 104 615 ± 43 
C fine 20 mA 100 404 ± 26 578 ± 27 
D fine 20 mA 65 336 ± 86 624 ± 13 
E fine 40 mA 1000 91 ± 9 80 ± 9 
F coarse 40 mA 1000 77 ± 3 186 ±10 

Control fine - - 225 ± 113 310 ± 179 
Control coarse - - 137 ±6 146 ± 36 

 
Figure 4.1 shows the effects of the EP treatment on the biogas production over a period of 356 days. 
Test series A-D, which were treated in the small reaction container, showed increased biogas yields 
compared to controls, whereas test series E, which was treated in the large reaction container had a 
decreased biogas yield. Test series F, in which the coarse fraction was treated in the large reaction 
container, had a longer lag phase than the other samples and produced a small increase in gas 
production compared to the control. This may be due to production of fatty acids, however this was 
not tested for.  
 
EP treated material produced biogas at a much higher rate than the untreated material in the first 75 
days. After 75 days the biogas yield from the treated material decreased and the untreated material 
produced slightly more gas for a period of 70 days until the gas production of all the samples 
approached the same rate. Test series A and B produced the most gas initially in the first 75 days, after 
which gas production in A decreased, whereas production in test series D increased, producing the 
highest final gas yield. After 356 days of fermentation series D produced the largest increase in the gas 
yield (an increase of 275 ml), and series A produced the lowest increase (an increase of 167 ml) over 
the untreated sample. 
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Figure 4.1 Results of the BMP experiment for 356 days of digestion. Gas production from the fine and coarse 
fractions of ley crop silage after treatment (A-E) are shown alongside untreated control samples from each 
fraction. 
 
The analysis showed that the pH values of all the ley crop silage samples were around 5.2, the 
conductivity increased by 1-2 mS cm-1 after the treatment and the DCOD was around 42 g l-1 and did 
not change as a result of the treatment. Energy efficiency is one of the key issues of this type of pre-
treatment. Table 4.2 presents the energy balance according to the results of test series A-D. The table 
shows the increase in methane production, the energy content of the gas and a comparison between the 
energy of the increased biogas production with the energy used for the treatment and the energy for 
production of the electricity used for the treatment ( =40%). The energy content of the gas produced, 
with a methane value of 50-55%, was calculated with a heating value of 9810 Wh m-3. Each sample 
was treated with an equal amount of energy, 262 Wh per kg DM. The results show that the pre-
treatment produced between two and six times more energy than was consumed by the treatment. If 
the methane were used to produce electricity ( =40%) the energy balance would range from a slight 
negative energy output to a positive output of almost 2.4 times the energy input.  
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Table 4.2 Increase in biogas production and the corresponding energy balance after 36 and 75 days of digestion. 

  
Increase in gas production 
 

 Energy content of increased methane production. 
 

Test series 
Nm3 biogas 

/kg VS 
Nm3 methane /kg 

VS  Wh / kg VS 

Wh produced / 
Wh electric 
energy used 

Wh produced / Wh to 
produce the electric 

energy ( =40%) 
36 days 

A 0.208 0.104 1020 3.89 1.56 
B 0.244 0.122 1197 4.57 1.83 
C 0.179 0.090 883 3.37 1.35 
D 0.111 0.056  549 2.10 0.84 

75 days 
A 0,261 0,130 1278 4,88 1,95 
B 0,305 0,152 1494 5,70 2,28 
C 0,268 0,134 1312 5,01 2,00 
D 0,313 0,157 1537 5,87 2,35 

4.2 Mixing inside a digester for biogas production 
The mixing dynamics of the biogas plant were studied by simulating five different flow rates of gas 
injection into the digester. The selected flow rates are based on a maximum flow of 0.6 kg s-1 which is 
decreased stepwise to 80 %, 60 %, 40 % and 20 % of the maximum. As shown in Figure 4.2, the gas-
lift mixing facilitates good vertical movement in the digester core because of the rising gas bubbles. 
An intensive radial flow is created at the surface of the liquid when the water escapes the path of the 
gas bubbles. The push exerted by the rising gas bubbles form a water column above the original liquid 
surface in the centre of the digester creating radial waves when it collapses. When the waves hit the 
digester wall the liquid is forced back down into the digester, pulling some of the gas back down. 
Figure 4.2 shows the gas distribution in the digester and the water/air free surface shape for various 
simulated cases. 
 

 
Figure 4.2 The gas distribution at different flow rates showing the activity at the surface. Left to right: 100 % 
flow rate, 60 %, 20% and 20 % with liquid recirculation. The interface between gas and liquid is shown in green, 
making the bubbles visible. 
 
The chemical reactions and the mixture heterogeneities in the system are ignored in this simplified 
model. The main contributions to the mixing are the convective flow induced by the gas injection and 
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the local effects of turbulence. The simulated gas flows produced an average liquid velocity and an 
average liquid turbulence in the digester that increased almost linearly with the gas flow rate, as shown 
in Figure 4.3.  

 

 
Figure 4.3 Mean speed and turbulent kinetic energy of the liquid at  

different gas flow rates. 
 

Figure 4.4 clearly shows that a 5 -fold increase in the gas flow rate causes a doubling of the mean 
reactor liquid velocity. However, the liquid turbulent kinetic energy is increased 4 -fold, as shown in 
Figure 4.5. This means that local mixing is greatly improved but the global liquid circulation in the 
tank and therefore mixing throughout the digester, do not follow. This is therefore a limitation in the 
process capabilities of the current design. The liquid velocity in the digester increases but mixing still 
does not reach the low flow areas.  

 

 
Figure 4.4 Mean liquid speed                      Figure 4.5 Mean liquid turbulent kinetic energy 

The case with the lowest gas flow rate was simulated both without liquid recirculation and with 
recirculation, in which the liquid is extracted from the bottom center of the reactor and re-injected into 
the digester from the side wall near the bottom as depicted in Figure 3.4. Figures 4.6 and 4.7 show the 
liquid speed and the turbulent kinetic energy with and without recirculation. Liquid extraction from 
the bottom of the reactor has a negative effect on both global and local mixing. 
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Figure 4.6 Mean liquid speed                  Figure 4.7 Mean liquid turbulent kinetic energy 

 
This liquid recirculation system therefore has a negative overall effect on mixing. The position of the 
liquid outlet in close proximity to the gas injectors means that momentum is lost from the gas flow. 
The simulations in Figure 4.8 show that the recirculation results in a diminished liquid flow and a 
change in the mixing pattern. As can be seen in the figure there are large unmixed zones in the bottom 
half of the digester. Sand is able to sediment on the bottom due to the low intensity flow and these low 
intensity regions become larger because of the liquid recirculation. 
 

 
Figure 4.8. Velocity contours produced by gas-lift mixing with the gas injected at 20 % of the maximum flow 
rate. The outlet is active in the right hand picture and inactive in the left hand picture. The colors in the figure 
represent different liquid velocities with red as the highest velocity. 
 
Before further studies can be performed based on the CFD simulations, the results must be validated 
by experimental data. 

4.3 Membrane filtration of the recirculated process water 
The reduction of DM in the process water is an essential measure for increasing the efficiency of the 
entire plant. Table 4.3 shows the separation efficiencies in different experiments performed here. A 
DM reduction of 59 % to 63 % was possible with the UF technique. The measured DM content of the 
permeate is based on the mean of three samples taken during each filtration. The reduction of DM in 
the process water shown here indicates that the use of membrane filters allows an increase of almost 
29 % in the intake of organic matter into the process. 
 

0

0,02

0,04

0,06

0,08

0,1

0,12

0 10 20 30 40 50 60 70

Time (s)

Li
qu

id
 S

pe
ed

Only Gas Flow
Gas Flow and Liquid Recirculation

0

0,005

0,01

0,015

0,02

0,025

0 10 20 30 40 50 60 70

Time (s)

Li
qu

id
 T

ur
bu

le
nt

 K
in

et
ic

 E
ne

rg
y

Only Gas Flow
Gas Flow and Liquid Recirculation



40 
 

Table 4.3 DM content before and after filtration.

    DM (%)     DM Reduction 
Test Temp Process water Permeate Concentrate in the permeate 

1 110 - 116 3,97 1,63 8,43 59% 
2 112 - 114 3,93 1,62 10,63 59% 
3 110 - 113 4,13 1,63 10,29 61% 
4 92 - 101 4,09 1,55 5,46 62% 
5 94 - 104 4,16 1,52 6,46 63% 
6 76 - 84 4,29 1,60 6,52 63% 
7 112 - 116 4,39 1,66 - 62% 

 
The flux through the membrane from the start of the permeate withdrawal until the end of each 
filtration at different temperatures is shown in Figure 4.9. From these graphs it is evident that higher 
temperatures enabled higher flow rates through the filter, and therefore treatment of larger volumes of 
process water. This is because the viscosity of the fluid decreases as the temperature increases (US 
EPA, 2005). At 70°C the curve levelled out at around 60-70 L h-1 m-2, and at 90°C it levelled out at 
around 90-100 L h-1 m-2. At 110°C the flux did not level out within the duration of the experiment. 
When the permeate was released to the outlet tank the high flux and the relatively small volume of 
liquid in the inlet tank masked any stabilised flow through the membrane. As in the 90°C experiment 
the flux decreased at the start of the 110°C test but it did not have time to stabilise before the inlet tank 
was empty, and the flux then decreased because of low liquid levels. Experiments were also performed 
where the permeate was recirculated, but even these experiments were not able to establish a stable 
flux over longer durations. Measurement of the steady state flux at 110°C would require a much 
longer run time and a larger inlet tank. The pilot plant used for these experiments is not suitable for 
long duration steady state experiments. However the results do indicate what we can expect. The flux 
at 110°C should stabilise above 100 L h-1 m-2, the stabilised flux measured at 90°C. 190 L h-1 m-2 is the 
lowest recurring flux recorded during the batch experiments at 110°C and was used during the 
evaluation as the flux for the membranes at 110°C. Steady state fluxes are needed to more accurately 
determine a stable flux for this application and to more accurately assess the economics of the 
application. 
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Figure 4.9 Flux of permeate through the membrane at three different temperatures. Filtration curves for some of 
the tests in Table 4.3: test 6 at 70°C (a), test 4 at 90°C (b) and test 3 at 110°C (c). 
 
The cost of a membrane installation was estimated for an operating temperature of 110°C. Operating 
at lower temperatures is not economically viable because the large number of membrane units 
required, as the membrane is the most expensive component of the system. Table 4.4 shows estimates 
of both the capital and operational costs for the four different flow cases, in thousands of Euros (t €), 
where the energy cost is set to 0.054 € per kWh. Operational costs have been given as a range because 
many uncertainties remain regarding the lifespan of the membrane and the quantities and cost of the 
cleaning chemicals. The annual operational cost is estimated to be between 6.5 and 10% of the capital 
cost.  
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Table 4.4 Capital cost and annual operational costs of a membrane installation used at 110°C (260 operating 
days annually) in thousands of Euros [t €]. 

Case Capital 
cost 

Energy 
demand 

Maintenance 
[t €] 

Chemical cleaning  
[t €] 

 UF replacement 
[t €] 

 Total operational 
costs 

[t €] [t €]      [t €] 
    min Max  min max  min max 

1 581 16 3 7 14 12 24 38 57 
2 931 30 4 7 14 21 42 62 90 
3 1 173 39 4 7 14 27 54 78 112 
4 1 424 48 5 7 14 33 66 93 133 

 
The economic value of the methane produced differs according to its application. The biogas from 
Växtkraft is sold as fuel for vehicles with a purity above 97% for 0.825 € per Nm3. The concentrate 
from the membrane can be used as an organic fertiliser but is not counted as additional income 
because the total amount of fertiliser sold from Växtkraft would not be affected by the installation. 
Table 4.5 shows the economic value of the additional biogas produced, the cost of building and 
maintaining the installation (assuming an economical lifetime of 15 years) and the estimated profit of 
the installation. The revenues are dependent on the biogas production per DM content of the biowaste, 
so the uncertainty in the DM of the incoming substrate can have a large influence on the result. By 
calculating for a lower and an upper limit of DM content of the biowaste (30% and 44% respectively) 
a valid range can be determined. The potential revenues from this installation are closely related to the 
amount of water that is available, and in this estimate 20 % of the process water is assumed to be lost 
with the concentrate (14% DM). Table 4.5 shows that a profit can indeed be made from this type of 
installation and that the profit increases with the size of the UF unit. However, the profit is very 
dependent on the DM content of the incoming material and how well the process is tuned against this 
parameter. 
 
Table 4.5 Yearly revenues and costs of a membrane installation, the capital cost spread over a 15 year period, 
and the final profit after the 15 years. 

               Profit after 15 years[t €] 
Revenues [t €/year] Costs [t €/year] Min max 

Case   30% 44%   min max  30% 44%   30% 44% 
1   101 69   77 96  355 -126   68 -413
2 202 137 124 152 1 159 198 738 -224
3 262 179 156 190 1 591 341 1 080 -171
4   322 220   188 228  2 013 474   1 411 -128

 

4.4 Total capacity increase 
The experiments performed in Papers I and III both lead to a capacity increase and increased biogas 
production. The model of the mixing inside a digester (Paper II) is at an early stage and more work has 
to be done to study the potential of increasing the fermentation rate by altering the mixing. 
 
The Växtkraft biogas plant digests 70 tons of biowaste and around 15 tons of ley crop silage daily. The 
theoretical gas yields used are 0.082 m3 methane per kg of biowaste and 0.063 m3 methane per kg of 
ley crop (Weiland and Ahrens 2006). Pre-treatment of the ley crop silage in Paper I showed that it is 
possible to increase the gas yield from this substrate by up to 108 % and the membrane filtration 
experiments in Paper III demonstrated a possible increase of 29 % in the capacity of the plant to 
handle biowaste. If these two modifications of the plant are combined it should be possible to increase 
the amount of biowaste treated each day by up to 20.3 ton and to increase the gas yield from ley crop 
silage from 0.063 m3 methane per kg of ley crop to 0.131 m3 methane per kg of ley crop. Table 4.6 
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shows the theoretical daily methane production and the methane yield after the modifications, which 
result in an increase of the methane yield of 40 %. 
 
Table 4.6 The theoretical methane production per day from the  
Växtkraft biogas plant before and after the implementation of  
the pre-treatment and water treatment. 

  biowaste Ley crop silage Total 

Before treatment 
CH4 (m3 kg-1) 0.082 0.063   

Substrate (kg) 70000 15000 85000 

 CH4
 (m3) 5740 950 6690 

After treatment 

CH4 (m3 kg-1) 0.082 0.131   

Substrate (kg) 90300 15000 105300 

 CH4
 (m3) 7400 1970 9370 

 
The estimated capacity increase of 40 % is in an ideal scenario and it may be difficult to achieve this 
in practice in a full size biogas plant, but there is the possibility to do so. Even if only half of this 
estimated capacity increase can be achieved, it would still mean an increase of 20 %. There is of 
course a limit to the amount of substrate that can be added to a digester without causing problems with 
overloading which have not been discussed in these papers. Increasing the organic loading rate (OLR) 
by almost 30 % would mean an increased strain on the digester and would put high demands on the 
system, not least on the mixing. 
 

4.5 Total energy balance 
The total energy balance of the biogas plant can be improved by using the suggested pre-treatment and 
by removing the DM that is circulating in the process. The simulation performed does not give a full 
picture of the energy balance because the effect of the mixing on the gas yield is uncertain. However, 
comparison of the total mixed volume with the gas flow rate provides some information about the 
energy balance. 
 
Table 4.7 shows the power demand of the membrane installation at 110°C for cases 1-4 and the power 
that can be produced from the extra methane, which is expressed as a range because of the uncertainty 
in the DM content as discussed in Section 4.3. It is possible to achieve up to a 4.3 to 1 ratio of the 
HHV (higher heating value) of the extra produced gas compared to the electric power consumption for 
the membrane filters pumping and heating, corresponding to 1400 kWh per hour of pre-treatment 
operation (8 hour per day). 
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Table 4.7 Increase in biogas production and corresponding energy balance of the membrane installation. 

  

Pump power 
demand 
[kW] 

Extra heat 
power 
needed 
[kW]   

Power 
increase [kW]  Energy balance     

 
   kW produced / kW 

electric energy used 
kW produced / kW to produce 
the electric energy ( =40%)   

Case  110°C   Max Min Max Min Max Min 

1 88 58 570 389 3,9 2,7 1,6 1,1 
2 154 117 1 140 777 4,2 2,9 1,7 1,1 
3 198 152 1 482 1 011 4,2 2,9 1,7 1,2 
4 242 187 1 824 1 244 4,3 2,9 1,7 1,2 

 
The energy balance of the EP equipment is shown in Table 4.2. Up to 4.6 times the used electricity can 
be generated in the form of methane after 36 days of fermentation. This corresponds to an increase of 
up to 0.122 Nm3 of methane per kilo VS or almost 1200 Wh, calculated with a heating value of 9810 
Wh m-3. This corresponds to a gas HHV increase of 840 kWh per hour of operation. If these two 
improvements would be made that would mean an increase in power of up to 2.2 MWh per hour of 
pre-treatment operation or 18 MWh per day. Note that of the full capacity increase discussed in section 
4.4, around 30 % of the energy produced will be needed to operate these installations. 
 
The different gas flow rates tested did not affect the unmixed zones in the digester to a large degree 
but there was a huge difference in the amount of compressed gas that had to be produced. Some of this 
energy might possibly be saved but more work has to be done to quantify the effects of the mixing.  
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5 Conclusions 
Three different approaches to increase the capacity and the gas yield of the wet digestion process have 
been evaluated in this thesis. It is evident that there is a great potential for increasing the capacity and 
the efficiency of today’s biogas plants. Areas that have been identified as crucial for the optimisation 
of the biogas plants are pre-treatments, understanding and control of the mixing inside the digester and 
the importance of dewatering for optimal use of the capacity of the wet fermentation process. 
 
Interest in different pre-treatment technologies in the biogas area is increasing and EP may be an 
attractive option. The following conclusions could be drawn from the pre-treatment experiments in 
Paper I: 
 

EP can be used to increase the biogas yield from silage. The total gas yield from the EP treated 
material increased by up to 108 %, from 225 ml/g VS for the untreated material to up to 469 
ml/g VS for the treated material, during 36 days of digestion.  
 
Test series E, using the fine fraction, a large number of pulses and larger treatment vessel, 
showed a lower gas production than test series A-D, which used the fine fraction, a smaller 
number of pulses and small treatment vessel. Test series F, with the coarse fraction, high 
current and large number of pulses, showed a decrease in the gas production. This may be an 
artefact due to the configuration of the large reaction container or the large number of pulses 
used. Further studies are needed on the influence of the shape and size of the reaction 
container and to identify the optimal number of pulses before the technology can be taken to 
the pilot plant level. 

 
The energy balance for the pre-treatment is positive and gives a 2-6 -fold larger energy output 
in the form of methane compared to the electrical energy input for the process. 

 
The level of understanding and control of the mixing inside digesters is fairly basic. By understanding 
the function of the mixing and its effects on the process, some problems may be avoided and the gas 
yield may be increased. A simulation of the mixing provides information about events inside the 
digester and where problems may arise. The simulations performed in Paper II lead to the following 
conclusions: 
 

There are large unmixed zones in the digester. The gas injection system currently in use does 
not enable mixing in the low flow areas by changing the gas flow rate – this mainly increases 
the intensity of the mixing in the already mixed zones. The zones with less circulation are not 
significantly influenced by fine tuning the gas flow because the volume of the digester is so 
large compared to the narrow rising bubble and liquid stream. As long as the decrease in gas 
flow does not lead to a build up of a floating layer or increased sedimentation, energy savings 
could be made by reducing the amount of injected gas.   

 
The simulation results suggest that the position of the liquid outlet is not optimal for the gas-
lift mixing configuration and that energy is taken away from the mixing because of the close 
proximity between the gas injectors and the liquid outlet. 

 
A complete review of the digester design is necessary to be able to significantly improve the 
mixing and to reduce the energy consumption. Experimental work to validate these results is 
essential before further investigations into the digester at the Växtkraft biogas plant. 

 
In a wet fermentation process the ratio between organic material and water in the different parts of the 
plant is crucial for increasing the capacity. When reusing water in the process, the water treatment is of 
great importance. Experiments to decrease the DM content of the process water using a membrane 
filter (Paper III) lead to the following conclusions: 
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The flux increases significantly with the temperature. The energy balance of the system also 
becomes increasingly favourable with rising temperature. This is true as long as the DM 
content in the permeate does not increase because of induced solubility or thermal hydrolysis, 
which occur at around 120°C. Following filtration between 70-110°C the DM content 
decreased from around 4 % to 1.6 %. The membrane unit therefore has the potential to 
increase the capacity of the plant by up to 29%. 

 
The energy needed to heat the membrane using heat recovery is low compared to the energy 
value of the additional methane produced. The fluxes at 70°C and 90°C are between 60-70 L 
h-1 m-2 and 90-100 L h-1 m-2 respectively. The flux over the membrane at 110°C reaches a 
maximum of 464 L h-1 m-2. The flux should stabilise between 100-190 L h-1 m-2, that is 
between the flow at 90°C and the recurring lowest flow in many of the batch experiments at 
110°C. The stable flux for this application at 110°C has to be experimentally determined.  

 
The results of the economic analysis show that this type of installation can be profitable. The 
profitability is dependent on the availability of the process water, the lifespan of the 
membranes and the biogas production per DM content of the new biowaste. The lifespan of 
the membranes and the impact of fouling in this type of application has to be studied further in 
long term experiments. Further studies on the composition of the ballast in the process water 
and the mass balance of these substances are required to determine the optimal size of the 
membrane filtration unit that could be installed at the Växtkraft biogas plant. 
 

The effect of combining these different applications could mean a 40 % increase in methane 
production according to the best case scenario and a net power increase of up to 18 MW. 
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6 Future work 
This thesis is a starting point for research to optimise a wet fermentation biogas plant and to improve 
the knowledge of the process and its limitations. A mass and energy balance will be made to identify 
other possible improvements that can be made. This together with a survey of the literature will help 
to pinpoint where the largest amount of energy is being used and how the mass and energy balance can 
be improved to increase the overall capacity of a plant. 
 
The next step for the EP pre-treatment is to identify the parameters that provide the best gas yield and 
use the least amount of energy, and to scale the experiment up. The method should also be evaluated 
against other pre-treatments currently being studied.  
 
Simulating the mixing inside the digester is only the first step towards understanding events inside the 
reactor. The next step will be to examine the effect of the mixing intensity on the digestion process 
and the gas yield by reviewing the relevant literature and performing mixing experiments. 
Experimental investigation and validation of the results are being performed in a lab scale model of a 
digester at ABB corporate research, where the inlet pipes and gas flow have been scaled down to a 1 
m3 Plexiglas tank. Further simulations will be performed to visualise the mixing inside the digester 
and the effect of running gas injectors in sequence, separately or in groups, instead of running them all 
at once. Furthermore, a trace element method has been suggested to study the feed retention time. 

 
The water treatment using the UF membrane needs to be studied further to determine the flux at higher 
temperatures during steady state conditions. Samples of the process water, concentrate and permeate 
taken during the experiment will be analysed and evaluated for their nutrient content and BMP. 
Particle size distribution analysis of the process water can provide information about the separation 
and may hint at other technologies that could handle this problem. 
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