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As a part of a large project at Norrmejerier, a biogas production plant has been constructed at Umeå Dairy. In this 
plant wastewater, residual milk and whey are decomposed and biogas is produced. The biogas is burned in a steam 
boiler. The biogas plant is designed as an anaerobic contact process, with sludge separation and recirculation by a 
clarifier. The fat in the substrate is treated in a separate reactor. 

The purpose of this study is to evaluate the design and start-up of this biogas production plant. Further, the interaction 
with the contractor responsible for construction and start-up is evaluated. 

The plant is generally well designed, the process conditions are suitable and the objectives are realistic. However, the 
seed sludge is unsuitable and the time plan is too optimistic. 

At the end of the period of this study, the plant was running and all central components are performing as intended. 
Still, the objectives have not been reached. This is mainly attributed to the poor quality of the seed sludge. 

The management of the plant and the interaction with the contractor has generally been good. Most problems that 
arose were of typical start-up nature.  Others were due to insufficient planning or lack of communication. Further, 
several design flaws were identified during start-up. 

Washout of sludge has been one of the most significant drawbacks during start-up. This inconvenience seems to be the 
result of improper seed sludge and a too hasty increase of the organic loading rate.  
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Sammanfattning 
Norrmejerier har som en del av ett större projekt låtit uppföra en anläggning för biogasproduktion vid Umeå 
mejeri. I anläggningen, som är utformad som en anaerob kontaktprocess, behandlas avloppsvattnen och andra 
organiska restprodukter från mejeriet tillsammans med vassle från både Umeå och Burträsk mejeri. Fettet i 
substratet avskiljs och behandlas separat. Den biogas som produceras vid nedbrytningen av det organiska 
materialet bränns i en brännare och ånga produceras. 

Syftet med den här studien är att utvärdera anläggningens design, valda processförhållanden och förfarandet 
under uppstarten av biogasanläggningen. Dessutom utvärderas interaktionen med den tyska entreprenör som är 
ansvarig för konstruktion och uppstart. 

Anläggningens utformning och valda processbetingelser är passande och de uppsatta målen är rimliga. Däremot 
är valet av ymp olämpligt och tidsplanen för uppstarten är för optimistisk.  

När denna studie avslutades var anläggningen i bruk och biogas producerades. Alla de mål för som formulerats 
hade dock inte uppnåtts. Ympens dåliga kvalitet är den mest bidragande orsaken till att uppstartsperioden har 
blivit förlängd. 

Arbetet under uppstarten och samarbetet med entreprenören har generellt sett varit lyckat. Man har dock stött på 
många komplikationer, varav de flesta har varit av typisk uppstartsnatur. Andra har varit resultatet av bristande 
planering och kommunikation. En rad konstruktions- och designfel har också identifierats under uppstarten. 

Slamflykt från reaktorerna har varit det mest betydande problemet hos den biologiska processen. Denna förlust 
av slam förmodas bero på olämpligt val av ymp och en alltför hastig ökning av den organiska belastningen i 
reaktorerna under uppstarten. 

Abstract 
As a part of a large project at Norrmejerier, a biogas production plant has been constructed at Umeå Dairy. In 
this plant wastewater, residual milk and whey are decomposed and biogas is produced. The biogas is burned in a 
steam boiler. The biogas plant is designed as an anaerobic contact process, with sludge separation and 
recirculation by a clarifier. The fat in the substrate is treated in a separate reactor. 

The purpose of this study is to evaluate the design and start-up of this biogas production plant. Further, the 
interaction with the contractor responsible for construction and start-up is evaluated. 

The plant is generally well designed, the process conditions are suitable and the objectives are realistic. 
However, the seed sludge is unsuitable and the time plan is too optimistic. 

At the end of the period of this study, the plant was running and all central components are performing as 
intended. Still, the objectives have not been reached. This is mainly attributed to the poor quality of the seed 
sludge. 

The management of the plant and the interaction with the contractor has generally been good. Most problems 
that arose were of typical start-up nature. Others were due to insufficient planning or lack of communication. 
Further, several design flaws were identified during start-up. 

Washout of sludge has been one of the most significant drawbacks during start-up. This inconvenience seems to 
be the result of improper seed sludge and a too hasty increase of the organic loading rate.  
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1 Introduction 

The issue of finding an effective disposal of wastewater and reduction of pollution is a 
problem for many food-processing industries. The high concentration of organic material and 
nutrients in such wastewater makes satisfactory waste treatment a matter of great importance. 
Anaerobic (i.e. in the absence of oxygen) degradation of organic material is an established 
technology for wastewater treatment. In this process, the organic material is digested by 
microorganisms and the polluting potential of the wastewater is reduced. At the same time, a 
mixture of gases called biogas is formed. 
Biogas is an energy rich, combustible gas derived from the anaerobic decomposition of 
organic matter. It primarily consists of methane and carbon dioxide. Biogas can be produced 
in an industrial manner using large-scale anaerobic reactors. These reactors consist of a large 
vessel with inflow of substrate, e.g. wastewater, and effluent of produced gas and treated 
water. The gas is burned for utilisation of the energy in form of electricity or heat. 

Appropriate reactor design and suitable choice of substrate and process parameters are 
essential for success when dealing with any kind of biotechnology production. When treating 
industrial wastewaters in an anaerobic manner, the substrate is pre-determined. In 
consequence of this, even more concern must be given to reactor and process design. 

As the microorganisms in the form of seed sludge are inoculated to the unfamiliar 
environment of a new biogas reactor they need to adapt to the new conditions. The seed 
sludge needs time to grow and become acclimatised to the new substrate. This adaptation is 
facilitated by a cautious start-up procedure, allowing the culture to develop without 
disturbances due to over feeding. Inadequate start-up will lead to digestion failure, caused by 
improper microbial community structure development. Hence, the start-up of an anaerobic 
digester requires caution and knowledge in the art of bioreactor processing. 
The study presented in this thesis was performed to evaluate the design and start-up of a 
biogas production plant. It was carried out to document relevant information, to acquire 
experiences from the start-up and to promote awareness of the significance of proper plant 
layout and start-up procedures. 
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2 Purpose and objectives 

2.1 Purpose 
The purpose of this study is to evaluate design and start-up of a biogas plant at Norrmejerier 
in Umeå. The evaluation of the design consists of a review of plant layout and process 
conditions. The start-up of the biogas plant is evaluated with regard to  planned start-up 
procedure, line of action during start-up and managing of the plant. Further, interaction and 
Norrmejerier’s cooperation with the contractor is studied. 

2.2 Scope and discussion of purpose 
The evaluation of plant layout will be performed with a biotechnology approach, with regard 
to the plant and reactor design, process conditions and seed sludge of choice.  
The start-up procedure will be studied with special consideration given to supervision and 
managing of methane reactors and the active sludge therein. Extra attention will also be given 
to other elements of the plant processing the organic material, such as hydrolysis, fat flotation, 
fat treatment and biofilters. Problems due to design inadequacies identified during start-up 
will be considered as well. The aim of this study is to evaluate the start-up period of the plant, 
i.e. the 16-week period between first inoculation (2005-02-16) and the official opening of the 
plant (2005-06-08). 

Start-up of the fat treatment was postponed until after the period of this study. Therefore, the 
line of action during the start-up of the reactor for fat treatment will not be evaluated. 

The plant is constructed and built by Enviro-Chemie, a German contractor. This company is 
also responsible for the start-up. As a part of the evaluation presented in this thesis, the 
interaction and cooperation with the contractor will be studied. Norrmejerier’s actions with 
any shortages in the contractor’s performance will be evaluated. That is, only the acts of 
Norrmejerier will be evaluated. The fulfilment of the contract by the contractor will hence not 
be considered in this thesis. 

The emphasis in this thesis is on biogas production by anaerobic digestion. Thus, it will not be 
evaluated if any other treatment method of the waste products, such as ethanol production or 
aerobic treatment would have been more suitable for Norrmejerier. 

2.3 Methodology 
To allow a better understanding of biogas production, recommended plant design and start-up 
procedure, an extensive literature study was performed. The evaluation of plant design is 
based on published articles as well as reports from Norrmejerier’s own studies on the subject. 
Information given by the contractor Enviro-Chemie has also been considered and critically 
reviewed.  
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The evaluation concerning the start-up of the plant at Umeå Dairy is mainly based on the 
author’s observations at site. It is the result from discussions and interaction with the parties 
involved, as well as on comparisons with literature. Various analysis results from the start-up 
phase has been studied and reviewed to evaluate the management of the plant during this 
period. 

2.4 Terminology 
 
 

Alkalinity  The sum of all the titratable  bases in a liquid 
Anaerobic digestion Decomposition of organic matter by microorganisms in the absence of oxygen. 
Biogas  A mixture of methane and carbon dioxide, produced by microorganisms. 
Bioreactor  An apparatus used to carry out any kind of bioprocess. 
COD Chemical oxygen demand. The mass of oxygen needed to oxidise a volume of 

organic material in liquid solution.   
Fermentation  Energy-yielding anaerobic metabolic digestion.  
HRT Hydraulic retention time. The average time a volume element of a liquid 

medium resides inside a vessel. 
OLR Organic loading rate. The amount of organic material that is fed to each cubic 

meter of reactor volume during one day. 
Residual milk A waste product formed at dairies: an intermediate phase between a dairy 

product and water. 
Seed sludge  Biological sludge that is used for inoculation of a biogas reactor. 
Sludge washout  Sludge leaves the plant with the effluent water stream. 
VFA  Volatile fatty acids.  
Whey  Protein and sugar rich by-product from cheese production. 
Whey permeate The liquid rich in sugar formed when whey is ultrafiltered and proteins are 

separated.  
 

2.5 Disposition and audience 
This research consists of a theoretical background followed by an evaluation. To start with, 
the reader is introduced to the background of the Biotrans project at Norrmejerier. Anaerobic 
digestion, reactor design and biogas production from dairy waste products is reviewed. This is 
followed by a description of the biogas plant at Umeå Dairy. 

The evaluation presented in this master’s thesis consists of two main sections. The first 
section is an evaluation of plant design, process conditions, seed sludge of choice and planned 
start-up strategy. The conclusions made from this evaluation are used to formulate hypotheses 
regarding the second part of evaluation, considering the actual start-up and managing of the 
plant. The thesis is finalised with a concluding discussion, concerning both parts of 
evaluation. 
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The reader is assumed to possess basic knowledge of the principles in microbiology and 
chemistry. Familiarity with the area of biotechnology is helpful, but not required. 
When reading this thesis, it is important to keep in mind that the words methane reactors, 
anaerobic reactors and biogas reactors are used synonymously. 
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3 Background 

3.1 Norrmejerier 
Norrmejerier is an economic association owned by almost 700 milk farmers in the Norrbotten 
and Västerbotten provinces in the north of Sweden. Norrmejerier consists of five dairies, 
Burträsk Dairy, Lycksele Dairy, Umeå Dairy, Hedenäset Dairy and Luleå Dairy, of which 
Umeå Dairy is the largest. Every year, almost 200 000 metric tonnes of raw milk is refined to 
consumption milk, cheese, yoghurt, soured milk, cream etc. by these dairies. The association 
has around 490 employees and 219 of these are active at Umeå Dairy. [Norrmejerier, 2005] 

3.2 Biotrans project 

3.2.1 Whey 
Disposal and utilisation of whey from cheese production has long been a problem for 
Norrmejerier. The whey formed during cheese production has been concentrated by 
evaporation into whey powder or sold as pig food to local farmers. The transportation of the 
wet un-concentrated whey to pig farmers has lead to large handling and transportation costs. 
Furthermore, pig farming is not very common in Västerbotten and Norrbotten. There are 
simply not enough pig farmers in Norrmejerier’s region of activities to find an outlet for the 
whey produced. This is not a problem for other dairies in Sweden and has therefore been a 
competitive disadvantage for Norrmejerier. A good utilisation of whey would hence enhance 
the profitability of cheese production. [Norrmejerier, 2003a] 

The consumption of low-refined dairy products such as milk, cream, soured milk etc. is 
decreasing in Sweden. To make use of the surplus of raw milk produced by milk farmers in 
Västerbotten and Norrbotten the cheese production at Norrmejerier must increase. This will in 
turn lead to production of even more whey. [Norrmejerier, 2003a] 

Whey powder can be used as an additive at dairies and other food industries. Unfortunately, 
the evaporation into powder is a highly energy demanding process. The energy needed to 
concentrate the whey into powder has been as high as 40% of the total energy consumption at 
Umeå Dairy. Further investments in evaporation equipment have therefore not been an option. 
[Norrmejerier, 2003a] 
Whey can also be ultra filtered into permeate and whey protein concentrate (WPC). Permeate 
can be used in sweets industries and as carbon source in fermentation processes. [Atra et al, 
2005] The high value proteins in WPC can be used to increase protein content in or to change 
texture and flavour of a range of different foods [El-Garawany and Abd El Salam, 2005]. 
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3.2.2 Wastewater 
The wastewater from Umeå Dairy has previously been treated at the municipal sewage 
treatment plant at Ön in Umeå. The content of chemical oxygen demand (COD) in this 
wastewater has been as high as 15% of the total COD load at the municipal plant. This has 
lead to high fees for Norrmejerier and a burden on the municipal wastewater treatment plant.  

3.2.3 The project 
Norrmejerier aims to enhance the environmental-friendly profile of the association. A good 
utilisation of the whey and reduced emissions of organic material would facilitate this 
ambition. [Norrmejerier, 2003a]  
To reduce the problems with whey and waste disposal an anaerobic wastewater treatment 
plant has been planned. In this plant wastewater and residual milk from Umeå Dairy shall be 
treated together with whey permeate from both Umeå and Burträsk Dairy. The biogas 
produced in this plant will be burned and steam produced. This hot steam will be utilised in 
the production at Umeå Dairy. As a part of this project, a plant for ultra filtration of whey 
producing whey permeate and WPC will be built. In addition, heat pumps and heat 
exchangers utilising the heat energy of the wastewater will be installed. [Norrmejerier, 2003a] 

The project as a whole is called Biotrans and represented Norrmejerier’s largest investment 
the financial year of 2004 [Norrmejerier, 2005]. It is partially financed by the County 
Administration of Västerbotten and by the European Union’s LIFE program [Norrmejerier, 
2003a]. 

Due to reduced electricity needs, production of steam and heat and lowered waste fees, 
Norrmejerier has calculated to save up to 10 million SEK annually by the Biotrans project. 

3.3 Investigations and purchase 

3.3.1 Investigations 
Extensive investigations were made during the planning of the plant. Different kinds of 
treatment methods were considered and finally an anaerobic process for biogas production 
was chosen. 

Study tours to full-scale biogas plants at dairies in Belgium, Germany and Switzerland were 
made during the year of 2003. The experiences from these study-tours laid the foundations for 
the plant design at Umeå Dairy. The conclusions made after these studies are discussed below 
(see 4.5.2). 

Two anaerobic digestion experiments commissioned by Norrmejerier were performed at 
Swedish Institute of Agricultural and Environmental Engineering (JTI), Ultuna, Sweden. 
These experiments confirmed that biogas could be produced from the waste products at Umeå 
Dairy. The results of the experiments at JTI are discussed further below (see 4.5.1). 
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3.3.2 The contractor 
Two sets of purchase were made. The offers from the first purchase were so diverse that they 
could not be compared. Therefore, pre-planning was performed with help from SWECO AB 
(Sweden), to investigate what plant layout and process method to use. At the second round of 
purchase, the same basis data could be supplied to everyone concerned. 
Eventually, the tender submitted by Enviro-Chemie was chosen. Enviro-Chemie is a German 
company, founded in 1979. The main activity is construction of custom-made plants for water 
and wastewater treatment, and the company offers complete solutions including planning, 
construction and service. Enviro-Chemie has 165 employees. 
The contractor is responsible for design, engineering, construction and start-up of the plant. 
They are also obliged to provide the staff of Norrmejerier with proper training. Since the 
responsibility of the start-up is on the contractor, Norrmejerier shall not carry out any actions 
during start-up without first consulting Enviro-Chemie. 
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4 Biogas production 

4.1 Anaerobic digestion 
Anaerobic digestion of organic compounds is a complex process, involving several different 
types of microorganisms. The four main steps of this decomposition are hydrolysis, 
acidogenesis, acetogenesis and methanogenesis [de Mes et al, 2003]. The anaerobic digestion 
process is illustrated in Figure 1. 
 

 

Figure 1 An illustration of the anaerobic digestion process, where complex molecules are 
decomposed to methane and carbon dioxide. The four main steps of this process  
are hydrolysis, acidogenesis, acetogenesis and methanogenesis. 

4.1.1 Hydrolysis 
Enzymes are excreted by a group of anaerobic bacteria called acidogenes. The extracellular 
enzymes de-polymerise proteins, carbohydrates and lipids into oligomers and monomers by 
hydrolysis [Lastella et al, 2000]. Smaller, water-soluble compounds such as amino acids, 
sugars, alcohols and long chain fatty acids are formed [Ghaly et al, 2000]. 
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4.1.2 Acidogenesis 
After hydrolysis, the acidogenes convert the small water-soluble molecules by fermentation 
[Schink, 1997]. The most important products of this process are acetate, carbon dioxide and 
molecular hydrogen [Björnsson, 2000]. Other digestions products from fermentation are 
alcohols, succinate, lactate and aromates [Schink, 1997]. Volatile fatty acids (VFA) such as 
propionate, butyrate, isobutyrate, valerate and isovalerate are also formed [Griffin et al, 
1998]. 
Acetate, carbon dioxide and molecular hydrogen can be directly utilised as a substrate by 
another group of anaerobic microorganisms called methanogens [Björnsson, 2000].  

4.1.3 Acetogenesis 
Fermentation products with more than one carbon atom can not be directly digested by 
methanogens and must first be converted into acetic acid, carbon dioxide and hydrogen by 
acetogenic bacteria [Björnsson, 2000, Schink, 1997]. 
Acetogens are slow-growing microorganisms that are sensitive to environmental changes such 
as changes in the organic loading rate (see 4.3.5) and flow rate. The acetogenic process is 
dependent on low partial pressure of hydrogen to remain thermodynamically favourable. Co-
cultivation with hydrogen-consuming methanogens is one way to secure that the partial 
pressure remains at a low level. [Björnsson, 2000].  

4.1.4 Methanogenesis 
Methanogens are anaerobes and belong to the phylogenetic domain Archae. Methane can be 
synthesised via two different pathways, of which one involves acetate and the other molecular 
hydrogen.  About 70% of the methane is produced from acetate. The acetate-consuming 
organisms are slow-growing and highly sensitive to changes in the environment. 
Hydrogenotrophic methanogens grow faster and are more robust to environmental changes.  
[Björnsson, 2000] 

Accumulation of VFA results in a lowered pH, which in turn leads to a decrease of the 
methanogenic activity.  If the rate of methanogenesis is decreased, further accumulation of 
VFA will lower the pH-value even more and resulting in a further decrease of methanogenic 
activity. [de Mes et al, 2003] 

When biogas is produced in an industrial manner, the aim is to attain as much biogas with as 
high methane content as possible. 
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4.2 Dairy waste products 

4.2.1 Dairy waste products as a substrate for biogas production 
Whey is a by-product from cheese production with high concentrations of proteins and lactose 
[Ergrüder et al, 2000] Cheese whey is highly biodegradable (up to 99%) and the organic 
content is high. However, the alkalinity (see 4.3.2) is low. Undiluted, raw whey therefore 
tends to rapidly acidify and is therefore difficult to treat by anaerobic digestion. To achieve 
stability in the process, the whey must first be diluted or deproteinated. [Malaspina et al, 
1996, Ergrüder et al, 2000] Mixing whey with dairy wastewater and by that means reducing 
the organic concentration is one method to circumvent the issue of instability [Gavala et al, 
1999]. 

4.2.2 Lactose 
During anaerobic digestion, the disaccharide lactose is hydrolysed into D-glucose and D-
galactose. These monosaccharides are degraded to pyruvate, which in turn is converted to 
acetic acid. This acid is then converted to methane and carbon dioxide. [Gavala and 
Lyberatos, 2001] 

The theoretical yield of methane and carbon dioxide, i.e. biogas, produced by anaerobic 
digestion can be calculated from Buswell’s formula [Ghaly and Ramkumar, 1999]: 
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For lactose (C12H22O11), the fractions are calculated as follows [Ghaly and Ramkumar, 1999]: 

 CO 6  CH 6 OH  OHC
242112212

+!+              (Eq. 2) 

At room temperature (25°C), this means that 0.849 l biogas is produced for each gram of 
lactose that is completely decomposed. For calculations, see Appendix 1. The theoretical 
biogas yield is, in other words, 0.849 m3/kg lactose. [Ghaly and Ramkumar, 1999] 1.1 mg/l of 
lactose equals a COD of 1 mg O2/l [Balannec et al, 2005]. This implies that one kilogram of 
COD should result in the formation of 0.772 m3 (i.e. 0.849/1.1) of biogas, if the COD 
originates from lactose only. The fractions of methane and carbon dioxide in this biogas will, 
according to the reaction formula above, both be 50%. 
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4.2.3 Milk fat 
Milk fat is not easily bio-degraded. To achieve a satisfactory COD-removal by anaerobic 
digestion of milk fat, a relatively long hydraulic retention time (see 4.3.6) is necessary. [Omil 
et al, 2003] Hydrolysis has been found to be the rate-limiting step during degradation of lipids 
[Petruy and Lettinga, 1997]. The break-down of fat generates long chain fatty acids, which 
causes inhibition of the methanogenesis. To avoid these problems, fat can be removed from 
the rest of the feedstock before entering the anaerobic reactors. Usually this removal is made 
by flotation (See 5.2.5). [Omil et al, 2003] In anaerobic treatment of dairy waste products, the 
fat content of the substrate should be reduced to a concentration below 100 mg/l [Perle et al, 
1994]. 

Sludge flotation and development of sludge with low activity may be attributed to the 
presence of lipids in the culture [Perle et al, 1994]. Milk fat has been shown to rapidly adsorb 
to anaerobic sludge.  If lipids cover the sludge, the gas will have difficulties to escape, thus 
bringing the sludge up to the surface and causing sludge washout. [Petruy and Lettinga, 1997] 

4.2.4 Milk protein 
Casein is the most important milk protein, comprising 80% of the total protein content in raw 
milk. The rate of casein hydrolysis is lower than the hydrolysis of lactose. [Vidal et al, 2000] 
Degradation of casein has been shown to be highly dependent of biomass acclimatisation. A 
culture that is pre-acclimated for casein will utilise it efficiently, but without acclimatisation 
the compound will not be degraded to any significant extent. [Perle et al, 1994, Vidal et al, 
2000] 
The presence of proteins can also influence the qualities of the sludge. It may for example 
cause sludge with a slimy appearance and bad settling characteristics [Perle et al, 1994]. 

4.3 Process parameters 

4.3.1 pH-value 
Hydrolysis, acidogenesis and acetogenesis can proceed at a wide range of pH-values, but 
methanogenesis is dependent on a neutral pH. Production rate of methane is lower for pH 
values outside the range of 6.5-7.5. [de Mes et al, 2003] If pH is maintained within the 
optimum range of 6.8-7.2, the percentage of methane in the produced biogas will be at its 
maximum. [Ghaly, 1996]. 
As stated above, lactose is easily degraded by acidogenic microorganisms. If not correctly 
pH-controlled, this will lead to acid inhibition of the methanogenic stage and digester failure. 
Proper pH-control will increase the COD-reduction, the biogas production rate and the 
methane yield of the process. [Ghaly, 1996] 
High concentrations of free ammonia in the anaerobic culture may cause a partial inhibition of 
the biogas formation. On the other hand, presence of ammonia facilitates the regulation of pH 
and may by that means prevent VFA inhibition. [Vidal et al, 2000] 
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4.3.2 Alkalinity 
Alkalinity of a liquid is the sum of all the titratable bases and is a measure of its acid-
neutralising capacity. The neutralising qualities are primarily due to the presence of 
carbonate, bicarbonate and hydroxide ions. 

Due to the low alkalinity of cheese whey, extra addition of chemicals to increase this value 
may be needed for successful biogas production. For this purpose sodium bicarbonate 
(NaHCO3) is found to be most suitable [Rajeshwari et al, 2000]. 
If both VFA concentration and alkalinity are monitored, the ratio of these can be calculated. 
An increase of this ratio precedes a pH decrease and implies that the digester is about to 
become unstable. [Griffin et al, 1998] 

4.3.3 Temperature 
Anaerobic digestion and biogas production can operate at three different temperature ranges: 
psychrophilic (0-20°C), mesophilic (20-42°C) and thermophilic (42-75°C). The higher the 
temperature, the shorter digestion time needed to attain a specific rate of biogas production. 
The hydrolytic and acidogenic phases of anaerobic digestion are not very sensitive towards 
temperature changes. On the other hand, the effect of temperature on acetogenic and 
methanogenic microorganisms is significant. [Rajeshwari et al, 2000] Propionate oxidizers 
have been found to be most sensitive to temperature changes of all microorganisms in the 
anaerobic culture [Leitão et al, 2005]. Thus, raising the temperature over the range of 
operation will lead to inhibition of methane formation [Rajeshwari et al, 2000]. A shock 
change in temperature may also lead to pH drop in the reactor. This drop is due to temperature 
inhibition of methanogenesis, leading to accumulation of fermentation products. [Leitão et al, 
2005]. 
Anaerobic digestion of cheese whey and dairy wastewater at temperatures between 20-42°C 
(i.e. within the mesophilic range) has been recommended by several authors [Ghaly, 1996, 
Kalyuzhnyi et al, 1997, Rajeshwari et al, 2000] 

4.3.4 Nutrients and trace elements 
Nutrients and trace elements such as phosphorous, nitrogen, sulphur, calcium, potassium, 
iron, nickel, cobalt, zinc and copper are essential for optimum activity of the microorganisms 
involved in anaerobic digestion [Rajeshwari et al, 2000]. 
Iron, nickel and cobalt are vital parts of important enzymes in anaerobic organisms. Nickel 
constitutes, for example, the active centre of acetate formation enzymes and H2-consuming 
hydrogenases. As a part of different hydrogenases, iron is essential for H2-uptake. Cobalt 
plays an important role in the transfer of methyl-groups by the enzyme colbamin. [Aresta et 
al, 2003] 

It has been shown that addition of trace elements and nutrition is essential for anaerobic 
digestion of cheese whey [Ergrüder et al, 2000]. Further, an anaerobic digestion experiment at 
JTI showed that addition of cobalt enhanced the gas production when dairy waste products 
were treated [Nordberg et al, 2002]. 
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4.3.5 Organic loading rate 
The organic loading rate (OLR) of a process is a measure of how much organic material that 
is fed to each cubic meter of reactor volume during on day (i.e. kg COD/m3day). 
How high OLR an anaerobic reactor can withstand is highly dependent of the reactor design. 
Attached biomass reactors, such as fluidized bed and fixed film reactors (see 4.4.1), can 
endure higher OLR:s than non-attached biomass reactor types. Overloading of the reactor 
with organic matter can lead to sludge washout. [Rajeshwari et al, 2000] 
Large fluctuations of flow and concentration of substrate can affect the biogas production. 
The magnitude of these effects depends on reactor design and process conditions. 
Accumulation of VFA in the culture and drastic changes in the biogas production rate are 
typical responses to such variations. [Leitão et al, 2005]  

4.3.6 Hydraulic retention time 
Hydraulic retention time (HRT) of an anaerobic digester is the average time a volume element 
of the liquid medium resides inside the reactor. When all other parameters are remaining 
constant, an increase HRT leads to better productivity [Ghaly, 1996]. 
Anaerobic digestion can be performed with a relative short HRT, i.e. “high rate” systems, or 
with long HRT, i.e. “low rate” systems. High rate systems are usually used for treatment of 
wastewater, while low rate systems are applied on slurries and solid waste. To achieve 
stability and avoid sludge washout, high rate systems may require some kind of biomass 
recirculation or attachment, resulting in a sludge retention time longer than HRT. [de Mes et 
al. 2003] 

4.4 Reactor design 

4.4.1 High-rate anaerobic reactors 
High-rate anaerobic digesters are designed with emphasis on retaining a high viable biomass 
concentration inside the rector. This can be achieved with several different methods involving 
either biomass aggregation or biomass adhesion. [Rajeshwari et al, 2000] A few of these 
methods are discussed below.  

Biomass can be attached to high density particulate carrier materials such as sand or activated 
carbon. This method is used in anaerobic fluidized bed reactors (AFB). The attachment of 
microorganisms to carrier materials enables higher biomass concentrations inside the reactor 
and an opportunity for higher OLR:s. [Rajeshwari et al, 2000] 

Biomass support media such as PVC (polyvinyl chloride) supports, hard rock particles or 
ceramic rings can be introduced into the reactor. One example of such a reactor is the fixed 
film reactor (FFR) It is simple in construction and do not require any kind of mechanical 
mixing. It can withstand high organic loading rates, but since a large volume is occupied by 
the media, the reactor volume must be relatively big. [Rajeshwari et al, 2000] 
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The formation of sludge granules facilitates biomass settling and prevents biomass washout. 
This is the case in the upflow anaerobic sludge blanket reactor (UASB), in which the substrate 
is introduced from the bottom and passes upward through a granular sludge bed. The UASB 
reactor requires low investments, but has a long and sensitive start-up period. When in steady-
state, it can withstand high organic loading rates. [Rajeshwari et al, 2000] 

When utilising whey as a substrate for anaerobic digestion, granulation of the biomass is not 
likely to occur. Using UASB reactors for whey degradation is therefore difficult. [Malaspina 
et al, 1996, Ergrüder et al, 2000] Despite this, a few successful attempts to treat whey in a 
UASB digester have been made [Kalyuzhnyi et al, 1997, Ergrüder et al, 2000]. 

Another method of retaining high biomass concentration is separating and recirculating 
biomass in effluent streams.  This method is mainly applied to reactors without biomass 
support media, such as the continuously stirred tank reactor (CSTR). In the CSTR, 
mechanical agitation ensures that wastewater and sludge always is in contact. A CSTR 
supplemented with biomass separation and recirculation with a clarifier is called an anaerobic 
contact (AC) process. [de Mes et al, 2003] 

The AC process is suited for soluble organic waste streams with high strength and 
biodegradability. Due to the need of an external clarifier the space requirement of an AC 
process is relatively high. [Given et al, 2005] 

4.4.2 Two-phase layout 
Two reactors of the same or different types can be combined to achieve a so called two-phase 
layout. Spatially separating the hydrolytic/acidogenic and methanogenic steps into individual 
chambers will according to several authors decrease the risk of acid inhibition of the 
methanogenesis [Malaspina et al, 1996, Rajeshwari et al, 2000, Yang et al, 2003]. Compared 
to a single-phase digester, a two-phase arrangement may increase the acidogenic rate and 
allow a reduction of the total reactor volume [Liu et al, 2002]. 
The products from the hydrolytic/acidogenic stage should be volatile acids and some carbon 
dioxide. The volatile acids act as substrate for the second methanogenic stage, where methane 
and carbon dioxide is formed. [Ghaly and Ramkumar, 1999] 
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4.5 Investigations made by Norrmejerier 
The two most important investigations made by Norrmejerier are the anaerobic experiments at 
JTI and the study tours to full-scale plants. The results from these investigations have 
significantly influenced the choice of plant layout and process conditions of the biogas plant 
at Umeå Dairy. 

4.5.1 Anaerobic digestion experiment at JTI 
During planning of the project, two anaerobic digestion experiments were performed at 
Swedish Institute of Agricultural and Environmental Engineering (JTI), Ultuna, Sweden. 
Wastewater and residual milk from Norrmejerier and whey permeate from Bollnäs was 
treated in an anaerobic filter (i.e. anaerobic reactor with carrier material). The experiments 
indicated that anaerobic digestion of wastes from Norrmejerier is feasible. Some of the 
conclusions drawn by JTI were [Nordberg et al, 2002]: 

- At a temperature of 37°C and with a HRT of 3 days, COD can be reduced with 84%. 
The methane yield was 0.28 g/l COD. A methane percentage of 55% was achieved. 

- Addition of cobalt improved the COD reduction and methane yield. 
- pH - regulation of the process is vital. During the experiments sodium bicarbonate 

(NaHCO3) was used for this purpose. 

4.5.2 Study tours to full-scale plants 
Study tours to full-scale biogas plants at dairies on the continent were very informative for 
Norrmejerier.  Some of the most important conclusions drawn from these study tours by 
Norrmejerier were as follows [Norrmejerier, 2003b]: 

- Fat in the wastewater must be removed by flotation and treated separately. 
- Due to problems with clogging, filling material for biomass support in the reactor is 

not suitable. 
- Continuously stirred tank reactors with sedimentation in a clarifier (i.e. contact 

process) are recommended. 
- Regulation of pH with NaOH is needed. 
- The need of alkalinity enhancing substances such as NaHCO3 is small. 
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4.6 Proper start-up strategy 
Without proper start-up of the anaerobic reactor, the system is not likely to reach its 
maximum degree of efficient removal of soluble nutrients and organic matter [Liu et al, 
2002]. It is, especially in mesophilic conditions, important to use a gradual start-up approach. 
During the first few days of feeding, caution is extra crucial. [Griffin et al, 1998] 

The source and size of seed sludge is together with the initial mode of operation the most 
critical factors during start-up of anaerobic digesters. The inoculated volume should be at 
least 10% of the total reactor volume. [Griffin et al, 1998] It is beneficial to use sludge from a 
reactor that is treating similar waste products. If that it not possible, acclimatisation of the 
sludge to the substrate in question is needed. [Wolmarans and de Villiers, 2002] Griffin and 
colleagues (1998) suggested that it may not always be advantageous to choose inoculum from 
a stable, well-balanced digester. For an effective start-up, it is more important that there are 
high levels of methanogens present in the seed sludge. 

If instability in the process arises during start-up, different approaches are recommended. One 
school of art is to add NaHCO3 to enhance of the alkalinity and decrease the rate of feeding 
[Griffin et al, 1998, Björnsson, 2000]. Another claims that decrease of feeding rate is 
sufficient and that no chemicals should be added [Griffin et al, 1998]. 
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5 The plant at Umeå Dairy 

As discussed above, a range of variables may contribute to the overall performance of a 
biogas plant. Some of these are plant layout, reactor design, feedstock characteristics, process 
parameters, seed sludge and start-up procedure. 

5.1 Feedstock characteristics 
In the biogas plant, wastewater from Umeå Dairy is treated together with whey permeate from 
Umeå and Burträsk Dairies. Residual milk (i.e. a mixture of different dairy waste products 
and water) is also fed to the plant, together with the content of a vessel called the “pig tank”. 
The content of this tank is quite similar to residual milk in characteristics and was formerly 
sold as pig food, therefore the name. 

During the anaerobic digestion experiment at JTI [Nordberg et al, 2002], wastewater and 
residual milk from Umeå Dairy and whey permeate from a dairy in Bollnäs were mixed. The 
fractions of the mixture were proportioned to simulate the incoming substrate to the full-scale 
plant. After the mixture had been prepared, it was found that the whey permeate from Bollnäs 
was a concentrate. To achieve a suitable COD load, the mixture had to be diluted with water. 
The mixture was sent to an external laboratory for analysis. The results from this analysis are 
presented in Table I, Appendix 2. Due to the dilution, the absolute values obtained in this 
analysis do not correspond to the real values at Umeå Dairy. 

The plant is dimensioned for an organic load of 15000 kg COD/day and an average flow of 
1400 m3/day, but with variations from 800 m3/day to 1700 m3/day. This load consists of a 
wastewater flow of 1100 m3/day, 250 m3/day of whey permeate and 25 m3/day of residual 
milk (including the “pig tank”). The temperature of incoming substrates is 22-25°C, and the 
average total fat load is 200 mg/l. Flow rates, pH and COD content of the waste products are 
presented in Table 1. 

Table 1 The characteristics of the waste products at Umeå Dairy. 

Waste product Flow rate (m3/day) COD concentration (mg/l) pH 

Wastewater 1100 1200 9 - 11 

Whey permeate 250 44000 6 

Residual milk 25 70000 7 

 

The variations of pH in the wastewater are quite large. This variability is attributed to acid 
(HNO3) and base (NaOH) washing of the process tanks at the dairy. 
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5.2 Design and technology 

5.2.1 Plant layout 
The wastewater treatment plant at Umeå Dairy uses anaerobic technology to produce biogas 
and reduce the polluting potential of the organic waste products. The energy rich biogas is 
used to produce steam utilising a steam boiler. 
The plant consists of, but is not limited to: pumping station and sieve, mixing and equalisation 
tank, fat flotation, conditioning tank, two methane reactors, clarifier, post-aeration, fat 
treatment reactor, biofilters, steam boiler and flare. These units are described below. In 
addition to these components the plant also includes dosing stations for chemicals, a sludge 
buffer tank, heat exchangers, heat pumps and a condensation trap. 

The plant is controlled by a programmable logic controller (PLC) from Siemens (Sweden). 
The visualisation system InTouch (Wonderware Corporation, Sweden) assists and facilitates 
the management of the plant. The choice to use InTouch for visualisation at the biogas plant 
was made by Norrmejerier. The same system is used for visualisation of production at Umeå 
Dairy. 
Figure 2 shows the outlines of the plant and the flows of water and gas. A more schematic 
figure of the plant layout is presented in Figure I, Appendix 3. 
 

 

 

Figure 2 The plant, including reactors and other vessels, main building and the flare. 
(Courtesy of Norrmejerier.) 



 

 
23 

 
 

5.2.2 Objectives 
The organic loading rate to the methane reactors will be around 2.6 kg COD/m3 and the HRT 
is calculated to 3.6 days. The contractor has guaranteed a COD reduction of at least 80%. It is 
claimed that each kilogram of COD gives rise to 0.35 m3 of biogas with a methane content of 
70%. The total rate of biogas production, including gas produced in the fat treatment, is 
calculated to 177 m3/h. There shall be no odour emissions, not within the plant, nor in the 
outgoing air. 

5.2.3 Pumping station and sieve 
A drum sieve removes any solids larger than 0.8 mm from the wastewater flowing from the 
dairy. The water flows by gravity to a pumping station, from where it is pumped to the mixing 
and equalisation tank. 

5.2.4 Mixing and equalisation tank 
The mixing and equalization tank (MET) has a volume of 800 m3. Here discontinuous 
wastewater discharge from the dairy, residual milk and whey permeate is equalised. 
Temperature and pH-value is monitored and regulated. In the MET the organic material is 
hydrolysed and pre-acidified; organic acids are produced. 

5.2.5 Fat flotation 
From the MET the wastewater flows continuously to the flotation unit. In the fat flotation 
unit, the wastewater flows through an open basin while bubbles of air well up from the bottom 
of the vessel. The bubbles lift up particles to the surface of the liquid, where sludge is formed. 
The flotation sludge, which consists mainly of fat and proteins, is removed from the surface 
with a scraper. The capacity of the fat flotation unit is removal of 1000 –1500 kg fat/day. That 
represents about 20% of the total COD load. 

The sludge is collected and is then pumped to the fat treatment tank for further processing. 
The excess sludge is pumped to the fat buffer tank for disposal.  

5.2.6 Conditioning tank 
After flotation the water flows continuously to the conditioning tank. The pH-value is 
measured and regulated by addition of sodium hydroxide (NaOH) or hydrochloric acid (HCl). 
If necessary, the conditioning tank can be used for dosing of nutrients. The conditioned 
wastewater is distributed into the feeding system of both methane reactors. 

5.2.7 Methane reactors 
The two methane reactors operate in parallel. They are constructed as CSTR:s with 
recirculation, that is, they are designed as AC processes.  Mixing of the reactors is performed 
by one main agitator situated at the top, complemented with two smaller agitators at the 
bottom of each reactor. A baffle in each reactor facilitates the mixing.  Each methane reactor 
is 15 m high and has a volume of 2500 m3. The HRT is calculated to an average of 3.6 days. 
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The temperature of the wastewater fed to these reactors shall be between 35-38°C. pH of the 
culture is monitored and shall be regulated to 6.8-7.2. It is stated by the contractor that the 
optimal ratio of COD: N: P is 800: 5: 1. 

After it has been heated with two heat exchangers, the wastewater is fed to the top of the 
reactors. The top agitator pumps the substrate down through a central pipe. At the end of the 
pipe, the wastewater flows upwards through the reactor. During this circulation, organic 
material in the wastewater is digested by anaerobic microorganisms and biogas is formed. At 
the top of the reactor, the treated water is collected and enters a degassing device, where 
biogas is removed from the liquid. The effluent water is then transferred to the clarifier. 

Sample ports are positioned at five different heights on each reactor. The lowest is situated 
four meters from the bottom of the reactor.  

5.2.8 Clarifier 
A clarifier separates and recirculates biomass in the effluent from the methane reactors. The 
effluent water enters a funnel with lamellae, where the sludge is separated. It is then 
recirculated to the methane reactors. The volume of the clarifier is 400 m3. 
The methane reactors and the clarifier are illustrated in Figure 3 and Figure 4. 

 
 

 

Figure 3 Schematics of the clarifier and the methane reactors. The clarifier has a funnel 
with lamellae, where the sludge is separated. The methane reactors have top 
agitators and baffles. (Courtesy of Norrmejerier.) 
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Figure 4 Influent and effluent wastewater streams of the clarifier and methane reactors. 
The uppermost arrow symbolises the flow of biogas from the reactors. (Courtesy 
of Norrmejerier.) 

5.2.9 Fat treatment 
As fat is collected in the fat flotation unit, it is transferred to the fat treatment process. In a 
vessel with a volume of 125 m3 anaerobic microorganisms digest the fat and biogas is formed. 
Addition of enzymes can make the process more efficient, splitting tri-glycerol into fatty acids 
and glycerol. The HRT of this process is 22 days. 
The plant also includes a vessel for storage of excess sludge. During start-up, this tank was 
used as a fat buffer. The two vessels were constructed by modification of two wastewater 
neutralising tanks formerly used by the dairy. 

5.2.10 Biofilters 
In the two biofilters, odours in the exhaust air from the post aeration, clarifier, sieve and fat 
treatment is removed. The air is pressed through a mulch bed before it leaves the filters 
through a ventilation system to the atmosphere. Microorganisms in the mulch break down 
odorous compounds, and the gas becomes odourless. The biofilters are illustrated in Figure 5. 
 

 

Figure 5 A biofilter and the mulch bed therein. Gas flows into the biofilter and odorous 
compounds are decomposed. (Courtesy of Norrmejerier.) 
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5.2.11 Steam boiler and flare 
The steam boiler is made by Weishaupt (Sweden) and has en effect of 1.5 MW. The flare is 
originally dimensioned for a flow of 250m3/h, but will later be upgraded to process a flow of 
500 m3/h. 

5.2.12 Post- aeration 
The effluent from the clarifier is aerated using compressed air. Since the microorganisms are 
anaerobes, this aeration stops the fermentative and methanogenic activity before the water is 
discharged to the municipal sewer.  

5.3 Planned start-up procedure 
Start-up of the anaerobic reactors is planned by the contractor. The key elements of the plan 
are filling the reactors with water, initial warm-up, adjustment of pH-value, filling of seed 
sludge, additional warm up, start feeding wastewater and start feeding whey. 
The entire start-up procedure is planned to proceed for 18 weeks, but no actual time limit for 
the start-up procedure is given by the contractor. However, it has been stated that reaching full 
capacity can take up to six months. 

The flow of wastewater is planned to start from day one, with a flow of 500 m3/day. It should 
be gradually increased during 18 weeks, reaching 2 780 m3/day the last week of start-up. 

Addition of whey is planned to start week number three. The flow of whey or whey permeate 
is planned to increase with 14 m3/day each week (i.e. 212 m3/day week 17), with a COD 
concentration of 52 000mg/l. In the start-up plan, neither the material in the “pig tank” nor the 
residual milk is taken into account. An outline of the increase of COD load during start-up is 
demonstrated in Figure 6. During the start-up period parameters such as HRT, temperature 
and pH are to be maintained constant and at the values planned for steady-state operation. 

 

Figure 6 The outlines of the planned start-up procedure between 18/2 (day 1) and 8/6 
(day 110). The figure illustrates an approximation of the planned increase in 
COD load to the plant. 
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5.4 Seed sludge 
Seed sludge for inoculation of the anaerobic reactors was collected from two different 
sources. The largest volume was taken from the biogas reactor at the municipal sewage 
treatment plant at Ön in Umeå.  This reactor was primarily chosen because of the short 
transportation distance, and not because of good sludge quality. A smaller volume of sludge 
was transported from Germany, where it had been collected from an UASB reactor at a paper 
mill. At the initial inoculation, a volume of about 200 m3 was added to each of the two 
methane reactors. 

The decision of which seed sludge to use was not made until quite a short time before start-
up. Choice of inocula was thus not made at the time of plant and reactor design, nor when the 
start-up plan was prepared. 

5.4.1 Municipal sewage treatment plant at Ön, Umeå 
The digester at the municipal sewage treatment plant has a HRT of 20 days. Primary 
municipal sewage sludge is used as a substrate, and approximately 50% of the organic content 
in it is reduced in this process. The methane content of the biogas produced at Ön ranges 60-
65%. The performance of the digester has been stable since start-up.1 

The seed sludge from Ön was black and smooth without granules. It had an oily appearance 
and a scent of diesel. The total solids (TS) content of this sludge was around 2%. About 150 
m3 of this municipal sewage sludge was pumped into each reactor. 

The seed sludge from the municipal sewage treatment works was tested by Enviro-Chemie. 
Conclusions drawn from these tests were [Engelhart, 2004]: 

- The sludge settling characteristics is poor. Only 1/4 of the sludge volume is settling on 
the bottom, while 3/4 forms a floating layer on top of the vessel. 

- The suspended solids (SS) content is 20.6 g/l, which is low for municipal digester 
sludge. 

- A methanogenic activity test with acetic acid showed a lag phase (i.e. no gas 
production) of several hours, followed by steady but poor methane production. 

- The sludge quality is poor and the low settleability will cause sludge washout during 
start-up. 

5.4.2 Paper mill in Germany 
Seed sludge was also collected from an UASB reactor at a paper mill in Germany. The 
substrate treated in this reactor was paper mill wastewater. The sludge was dark grey, well 
granulated and had a TS of 7%. During the primary inoculation in February, 50 m3 granular 
sludge was inoculated in each reactor. At re-seeding in June, an additional volume of 25 m3 
sludge from Germany was inoculated in each reactor. Altogether, 150 m3 seed sludge was 
transported from the paper mill in Germany. One tanker with seed sludge from Germany with 
a volume of 25 m3, costs about 30000 SEK, including transportation. 

                                                
 
1 Personal communication with Per Rendahl, UMEVA, Umeå 
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6 Discussion of plant and process design 

6.1 Plant layout and reactor design 
The MET offers an opportunity to equalise the incoming substrate. Since the variations 
regarding pH and COD load in the wastewater from the dairy are so significant, such a vessel 
is necessary to achieve a stable operation. For example, a batch of whey from Burträsk 
represents more than 30 m3 of high-strength organic material that needs to be properly diluted 
before entering the methane reactors. The MET is, however, quite small and has a HRT of 
only about 14 h. A larger tank would equalise the COD flow and pH fluctuations even more. 

The conclusion that fat has to be removed and treated separately is in accordance with what is 
recommended in the literature [Omil et al, 2003, Perle et al, 1994]. To prevent instability and 
sludge washout, it is obviously important that as little fat as possible enters the methane 
reactors. The use of a flotation unit to remove fat from wastewater is a standard method, and 
seems to be suitable. 
Since granulation of sludge is not likely to occur when dealing with dairy wastewater and 
whey, an UASB reactor would have been inappropriate. However, successful attempts to 
digest dairy waste products in an UASB reactor have been made [Kalyuzhnyi et al, 1997, 
Ergrüder et al, 2000]. A reactor with carry material such as the fixed film reactor would also 
be unsuitable, due to problems with clogging attributed to the presence of fats and calcium in 
the influent substrate [Norrmejerier, 2003b].  
The contact process is, however, a high-rate anaerobic process that is suitable for treatment of 
wastewater with high organic content. It seems to be an appropriate choice for Norrmejerier. 
Because of the short HRT, it is essential to include a device for sludge separation and 
recirculation. The use of a clarifier for this purpose is a common method. 
The two methane reactors are to be operated in a parallel manner. Many authors have 
recommended a two-phase process, where hydrolysis/acidogenesis and methanogenesis are 
separated [Malaspina et al, 1996, Rajeshwari et al, 2000, Yang et al, 2003]. A two-phase 
process is less sensitive and easier to pH-regulate, and is therefore suitable for treatment of 
the easily-degraded substances of dairy waste products. It is possible that a two-phase design 
could have been applied at Norrmejerier. 

6.2 Process parameters 
Operating a mesophilic anaerobic digester at a temperature of 35-38°C is suitable and in 
accordance with what has been recommended in the literature. The ambition to retain the pH 
value in the methane reactors between 6.8 and 7.2 is in line with what has been concluded in 
other studies. 
Organic loading rates as high as 20 kg COD/m3day from dairy wastewater and whey have 
been reported by several authors [Ghaly, 1996, Kalyuzhnyi et al, 1997]. However, none of 
these studies were performed in an anaerobic contact process. 
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Since cheese whey and dairy wastewater is easily degradable it can be digested at short HRT. 
It can be as short at 2-3 days in an UASB reactor treating un-diluted whey [Ergrüder et al, 
2000]. This despite the common view that UASB:s are unsuitable for digestion of dairy waste 
products. 
The HRT and OLR of the methane reactors at Umeå Dairy are not extremely high, nor low 
compared to other studies. These values are therefore presumed to be suitable. 
The HRT for the fat treatment (e.g. 22 days) seems to be appropriate, since anaerobic 
digestion of fat requires a relatively long hydraulic retention time. It can, however, be 
discussed whether thermophilic processing of the fat would have been an option. It would 
enhance the productivity, hence allowing a shorter HRT to be implemented. On the other 
hand, finding a suitable thermophilic seed sludge would probably be difficult. 

6.3 Feedstock 
As mentioned above, several trace elements and nutrients are essential for optimal activity of 
the microorganisms involved in anaerobic digestion. Examples of such substances are 
phosphorus, nitrogen, sulphur, calcium, potassium, iron, nickel, cobalt, zinc and copper. 
The waste products from Umeå Dairy were analysed during the anaerobic digestion 
experiments at JTI. Since the sample contained concentrated whey permeate, it was diluted 
with water to obtain a suitable COD concentration before analysis. Therefore, the exact values 
of this test result do not correspond to the concentrations in the feedstock. It is, however, 
assumed that the result from this test can be used to get an indication of the feedstock 
characteristics. 
Nitrogen, sulphur and phosphorus are most likely present in required amounts. That is also the 
case for calcium, since the concentration of calcium in milk is quite high. The substrate 
profile from the experiments at JTI shows that also potassium is present in relatively high 
concentrations. 
The substrate profile gives no information regarding the levels of iron, zinc or copper. It is 
therefore impossible to judge whether the concentrations of these elements are sufficient. 
Nickel and cobalt may be present in the substrate, but in low concentrations. The experiment 
at JTI showed that addition of cobalt enhanced the biogas production. Other studies made on 
dairy wastes show that addition of trace elements to the anaerobic digester is vital. 

Further investigations on this issue should be made. It is possible that addition of cobalt, 
copper, iron, zinc or nickel would enhance the overall performance of the plant. 

6.4 Seed sludge 
The settleability and activity tests of the sludge from the municipal treatment works at Ön in 
Umeå showed that the sludge quality is poor. Despite this, it was decided to use the sludge as 
inoculum. That seems to be an inappropriate choice; the activity and settleability of the sludge 
is too poor. Studies have shown that the seed sludge needs to be carefully acclimated in order 
to digest the milk protein casein. Without proper acclimatisation, casein will inhibit the 
digestion process. 
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Since no sludge of good quality was found within a close geographical range, purchase and 
transportation costs must be considered in relation to lack of profit due to ineffective start-up. 
In Norrmejerier’s case, every day of full production at the biogas plant and the filtration of 
whey, more than 27000 SEK will be saved (e.g. 10 millions per year.) When comparing this 
profit with the cost of good quality sludge from Germany (e.g. 30000 SEK per 25 m3), it is 
obvious that it would have been beneficial to transport more sludge from the continent. 
The decision of which seed sludge to use was made only a short time before start-up. That is, 
there was no possibility to take the quality of the seed sludge into consideration at plant 
design or in planning of start-up. The quality of the sludge is an important factor, and the 
start-up plan must be adjusted to suit the seed sludge of choice. Had it been clear that such 
poor quality sludge as that from the municipal sewage treatment works at Ön was to be used 
for inoculation, maybe a more delicate start-up procedure would have been planned. 

6.5 Planned start-up procedure 
The start-up plan was settled before the choice of inoculum was made. Thus, it is not adapted 
to the poor quality and settleability of the sludge. Further, the plan leaves no room for 
disturbances or practical complications. It is therefore obvious that the time plan is too 
optimistic. To what extent the start-up will be prolonged is, however, hard to tell. The 
literature has little information to offer regarding recommended start-up procedures of 
anaerobic contact processes. In fact, the start-up plan provided by the contractor is also quite 
vague. For example, it offers no information regarding within which ranges parameters such 
as concentrations of COD, VFA and nutrients should be retained. The only information given 
regarding the OLR is that the feed of whey should be increased with 14 m3 per week, and that 
the flow of wastewater should be gradually increased from 500 m3/day to 2780 m3/day. 
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7 Conclusions regarding plant and process design 

The plant design and process conditions agree with what is recommended in the literature. 
The objectives are in level with results from other anaerobic treatments of dairy waste 
products, including the anaerobic digestion experiment performed at JTI. This indicates that 
design as well as process conditions are suitable for anaerobic digestion of wastewater and 
whey at Umeå Dairy. 
The poor quality of the seed sludge from the municipal wastewater treatment works may 
cause problems such as ineffective acclimatisation and sludge washout during start-up. 
Further efforts to find more appropriate seed sludge should have been made and the decision 
of which sludge to use should have been made at an earlier stage of the project planning. 
The start-up plan is too optimistic and offers no room for disturbances. It will therefore take 
longer time than planned before the start-up is completed and steady-state has been achieved. 
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8 Hypotheses regarding start-up 

Since the design and process conditions agree with what is recommended in the literature and 
the objectives are in level with results from other anaerobic treatments of dairy wastes, it is 
hypothesized that the performance of the anaerobic methane reactors will be satisfactory and 
that the objectives of the project will be achieved. 

Since whey and other dairy wastes are easily bio-degraded, pH regulation is essential. It is 
hypothesized that relatively large amounts of pH-increasing additive will be needed to 
maintain a stable operation. 
The start-up plan leaves no room for disturbances and is therefore assumed to be too 
optimistic. Even though the aims and goals eventually will be achieved, it will not be done 
within the allotted time. 

The seed sludge is mainly from a municipal sewage treatment works and has poor qualities. It 
will acquire time to acclimatize and adapt to the new substrate. This will complicate the start-
up and make the process particularly sensitive. 

8.1 Questions at issue 
To help investigate the validity of the hypotheses, a few questions have been formulated. 

- Will the start-up of the biogas plant at Umeå Dairy be successful, despite the 
sensitivity of the process due to easily bio-degraded substrate and unsuitable seed 
sludge? 

- Will the objectives of the project be achieved and will this be done within the 18 
weeks suggested in the start-up plan? 

- Will the interaction and cooperation with the contractor be successful? 
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9 Course of events 

9.1 Start-up procedure 
The start-up of the biogas plant at Umeå Dairy began in February 2005. Before the plant was 
taken into operation, it was inspected by local authorities. 

9.1.1 Start of mixing and equalisation tank 
The MET tank was started about four weeks before the rest of the plant was set into operation. 
During this period, it was found that the temperature of the wastewater from the dairy was 
higher than initially believed. It was also confirmed that the variations of pH were significant.  

9.1.2 Inoculation 
The reactors were completely filled with water and warmed to 35 °C. The pH-value was then 
adjusted. Both methane reactors were inoculated with seed sludge from Ön and from 
Germany. Each reactor was filled with 200 m3 of sludge, and about one quarter of this 
originated from Germany. The inoculation was performed in stages during a period of six 
days, from 16/2 to 21/2. 

Additional inoculation was performed 2/6. This time, additional 25 m3 of sludge from 
Germany was inoculated in each reactor. 

9.1.3 Feeding 
Feeding of the reactors with wastewater started on the third day of inoculation (i.e. 18/2), but 
only a fraction of the wastewater was fed to the reactors. The initial loading rate was about 
0.12 kg COD/m3 day. 

Addition of whey started after about two weeks, on 4/3. How much whey or whey permeate 
to be fed was decided the same day and the decision was made depending on the VFA and 
COD concentrations in the reactors (see 9.2 and 10.3) and to meet the wishes of the dairy. 
Please notice that it is not always quite clear when whey and when whey permeate is fed to 
the plant. 
Addition of residual milk and material from the ”pig tank” started after yet another week (i.e. 
after about three weeks of operation, 9/3). Residual milk was thereafter fed every day, and 
material from the pig tank every weekday. 

After one month of operation (i.e. 18/3), whey from Burträsk was received for the first time. 
Such deliveries were made from time to time during start-up, often a few days in a row. 
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9.1.4 Start-up of fat treatment 
The fat flotation unit was started as soon as the flow of wastewater to the plant began, so that 
as little fat as possible should pass into the anaerobic reactors. Due to problems with the 
agitator installations, the start-up of fat treatment was postponed. As the reactor was ready for 
inoculation, it was, for several different reasons, decided to postpone the start-up further. 
During this period, fat separated in the flotation was either bypassed to the municipal sewer or 
stored in the sludge buffer tank. 

9.1.5 Start of steam boiler 
The steam boiler was set into operation 11/5. At this date biogas was produced in sufficient 
amounts and the methane content was high enough.  

9.2 Variables monitored 
During start-up and operation of the plant, several parameters were monitored. To follow the 
OLR and degradation rate of the reactors, COD concentration was measured daily in the 
MET, after flotation, in methane reactors and in the final effluent. Under the period of start-up 
in-line COD sensors were installed at three positions: before and after MET and in the final 
effluent. To ensure that the OLR was not too high, VFA concentration in the methane reactors 
was measured on a daily basis. During the first period of start-up, VFA in the MET was also 
measured. 
Influent, effluent and recycled flow of the methane reactors were monitored as well as flow of 
final effluent to the municipal sewer. Total flow of waste products into the plant, that is, to the 
MET, was also recorded. pH and temperature of influent and effluent was monitored and 
regulated to maintain the process conditions of choice. Together with the different flow 
values, the value of these parameters were read and recorded daily at 10:00.  

The biogas flow and the methane content of the produced biogas was measured and recorded 
once a day. Since no measure device for gas flow or methane content was on hand until 4/5, 
no such values are available before that date. 
During the first period of the start-up, additional analyses were made approximately once a 
week. Ammonium (NH4-N), nitrate (NO3-N), nitrite (NO2-N), total nitrogen and phosphate 
(PO4-P), were monitored to ensure that nitrogen and phosphorus was present in proper 
amounts in the culture. Later on, these values were not analysed. 

9.2.1 Analytical procedures 
COD, VFA, ammonium, nitrate, nitrite, total nitrogen and phosphate were analysed with Dr 
Lange (Hach Lange, Germany) cuvette tests, using the standard methods recommended for 
such test kits. Samples from the methane reactors were filtrated before analysis, thus not 
including the biomass. Samples from the MET, after flotation, final effluent etc. were not 
filtrated before analysis. 
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9.3 Problems encountered and measures taken 
During start-up, several practical problems were encountered. Most difficulties were of a 
technical nature due to design or installation flaws. Some of the more critical and significant 
problems that arose are discussed below. 

9.3.1 Inconveniences due to inadequate plant design 
Many design flaws were identified during start-up. Even though they were of a technical 
nature attributed to inadequate plant design, these flaws are reviewed and discussed as start-
up problems in this study. 

The capacity of the steam boiler was found to be too low. This inconvenience seems to be the 
result of incorrect calculations. It has been speculated that the steam boiler may only have one 
third of the needed capacity. The biogas yield and methane percentage in the biogas is higher 
than initially expected, and that may be some of the reasons for this inconvenience. 

The consumption of NaOH for pH-regulation was larger than calculated. With a NaOH 
consumption of around 10 m3/week, there is a need for weekly deliveries of NaOH to the 
plant. 
Though the methane reactors are designed as CSTR:s and the content should be completely 
mixed, it has been obvious during start-up that this is not the case. The biomass concentration 
is higher at the lower parts of the reactors. Sampling ports should therefore have been 
installed at the very bottom of each methane reactor. With the first port situated four meters 
above bottom level, there is no possibility to access the region with the highest biomass 
concentration. A valve at the exterior of each reactor can be opened if the culture at the 
bottom needs to be accessed. This is, however, probably a quite complicated procedure, 
especially during wintertime. 

The lack of proper insulation of measuring equipment and valves located outdoors caused 
several problems during the first period of start-up, which took place in wintertime. The 
outdoor temperature during this period ranged between -5 and -20°C. As the equipment froze, 
it gave incorrect signals. For example, the level indicators in one methane reactor incorrectly 
showed that the tank was about to overflow on one occasion. 
The basin of the fat flotation unit was not equipped with any kind of cover in the original 
design. This caused extensive emissions of odours in the main building and the problem 
remained for several weeks. Later on and at the initiative of Norrmejerier, the basin was 
covered. The cover removed the odours almost completely. 
During start-up, it was found that gas was produced in the clarifier. This had not been 
considered at plant design, and there is no device for leading the gas away. 

9.3.2 Problems that arose during start-up 
As the first tanker with seed sludge from the municipal treatment works arrived, the structure 
and appearance of the sludge was studied. It was found to be oily and having a scent of diesel. 
A sample was collected directly at the municipal treatment plant to discard the risk that the 
tanker itself was contaminated, but that sample proved to have the same oily characteristics. 
Efforts were made to locate a laboratory that could analyse the oils and greases, but none was 
found. The opportunity to investigate the oiliness and scent further was discarded and the 
sludge was inoculated. 
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The first tanks with seed sludge from Ön was emptied in the conditioning tank and pumped 
from there into the methane reactors. During this procedure, the pumps stopped. They were 
taken apart, and wood chips and plastic material were found. These solids were assumed to 
originate from the seed sludge. 
The gas production took off after a few days of feeding and the pressure in the reactors 
increased. Then, the pressure in the methane reactors rapidly sank. Possible causes of this 
were sought and the problem remained for several days, while gas leaked out at the reactor 
tops. Imbalance of the agitator axis was finally found to be the reason. The imbalance caused 
the water lock around the axis to overflow. As the cause of the inconvenience was identified, 
means were taken without delay. The agitator supplier was contacted and the unbalance was 
repaired. 

Another inconvenience of great consequence was leakage of gas into to the main building. 
Gas was detected at an early stage, but the source was not identified right away. The presence 
of gas in the building was obviously a great safety risk, but the problem was not given highest 
priority. The initiative to investigate and attend to the gas leakage was eventually taken by 
Norrmejerier. It was found that sludge washout caused sludge accumulation and gas 
production in the pumping station after the clarifier. From this vessel, a pipe was lead to the 
exterior, directing the gas away. This action was successful and reduced the gas level inside 
the building considerably. 

Several other problems arose or were identified during start-up. Most were of typical start-up 
nature, due to discontinuous flows or installation flaws. For example, the irregular flow in the 
plant made pumps go hot and caused overflows. There were problems with alarms that would 
not function correctly and with measuring equipment for gas flow. The fact that the start-up 
was initiated in wintertime also caused many problems. Valves and measuring equipment 
froze, mainly because of inadequate insulation. The discontinuous flow contributed to these 
problems as well.  

9.3.3 Sludge washout 
Massive sludge washout has been identified as the most significant process-related problem 
during start-up. It is therefore discussed thoroughly. 
After some time of operation the sludge washout from the methane reactors significantly 
increased (see 10.3.9). The feed of substrate to the methane reactors was not decreased 
immediately as this problem arose. Instead, the bottom agitators were set to agitate for only 
two minutes every hour. It was later found that the frequency of the lower agitators had no 
significant influence on the sludge washout. They were therefore set back into operation. 

One theory regarding the cause of this washout was that too much fat passed through the fat 
flotation unit and was added to the methane reactors. Samples from before and after the 
flotation were sent to a laboratory, to test the performance of the flotation. This analysis, 
however, provided no new information. No further investigations on this matter were made. 

It was found that as the fat from flotation was bypassed to the municipal sewer, it was pressed 
back into the pumping pit before the MET. This probably resulted in fat accumulation and 
was considered to be a possible explanation of sludge flotation and washout. 
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As the problem with sludge washout remained, the contractor decided to add calcium oxide 
and sodium bicarbonate to the methane reactors. The feed rate was decreased with about 15% 
for a few days. The addition of calcium oxide was labour demanding and was found to clog 
measuring equipment such as pH-electrodes. Still, the addition showed good results: pH was 
raised, the VFA concentration and the sludge washout decreased temporary, but re-arose after 
a couple of weeks. It was then decided that the supply of whey from Burträsk should stop. 
To enhance the performance of the process and to compensate the loss of sludge, an 
additional sludge volume of 50 m3 was transported from Germany and divided between the 
reactors in June. The sludge washout and possible causes thereof are discussed further below 
(see 10.3.9). 
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10 Results and discussion 

10.1 The start-up 
The start-up period was hectic and many problems arose. However, the accomplishment of 
the start-up was generally quite good. Norrmejerier’s personnel contributed to a great extent 
to the management of the plant during start-up and carried out the daily maintenance and 
supervision in an altogether advisable manner. At the end of the period of this evaluation, the 
biogas plant was running and all important components were performing as expected.  
Several of the difficulties during start-up could have been avoided. With proper project 
planning, additional preparations and better communication between the parties involved a 
great deal of time and effort could have been saved. Some of the inconveniences that could 
have been avoided are mentioned and discussed below. 

10.1.1 Inconveniences due to inadequate plant design 
One inconvenience is that no kind of gas bell for biogas storage was included in the plant 
design. If problems with the flare or burner arise, no possibility to store gas exists. The only 
solution is to release the biogas to the atmosphere. Including a gas bell in the plant layout 
would have increased the construction costs. However, the loss of energy due to unutilised 
biogas also leads to a loss of energy and money. As methane is a greenhouse gas, 
environmental protection must also be taken into consideration. When a biogas production 
plant is designed, some kind of gas storage should be considered. 
The mixing and equalisation tank is relatively small. A larger MET would increase the HRT 
of the vessel and increase the possibilities to stop the flow into the rest of the plant, without 
having to bypass any material into the municipal sewer. As discussed above, longer HRT 
would also help equalise the pH and COD-peaks and even the COD flow to the methane 
reactors. Further, it would allow a higher level of pre-acidification to occur. A larger MET 
would, as well as a gas bell, require more land and lead to greater construction costs. In 
Norrmejerier’s case, the issue of land is not a problem. It could, however, be discussed if the 
investment of a MET of larger volume would have been economical defensible. 
The container for NaOH is quite small and the consumption is large. There is therefore a risk 
that the plant occasionally will be left without any pH-increasing agent. Since it is known that 
whey tend to rapidly acidify during anaerobic digestion, the huge consumption of NaOH for 
pH regulation could have been predicted. To circumvent the need of weekly transports of 
chemicals to the plant, a larger container for NaOH should have been installed. 

The reactors do not seem to be homogeneous. A clear gradient in biomass sludge can bee seen 
between the sampling ports at different heights. This is a serious problem. The settling of 
sludge at the bottom may lead to dead zones, i.e. zones without methanogenic activity, in the 
reactor. That is, the active reactor volume will be reduced. The situation with heterogeneity 
seems to be the result of inadequate agitation. It is also obvious that sampling ports at the 
bottom of the reactors should have been included in reactor design. 
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Operating in northern latitudes should have involved a proper insulation of measuring 
equipment and valves located outdoors. Some of the problems caused by improper insulation 
are likely to re-arise if no measures are taken. Thus, important equipment outdoors should be 
carefully insulated as soon as possible.  
Since sludge is washed out to and separated in the clarifier, the fact that gas is produced in 
this container should have been obvious. A pipe conducting this gas away from the clarifier 
ought to have been included in the construction plan. The problem with gas production in the 
clarifier will be attended in some way, but how has yet not been decided. 
The steam boiler is, for no obvious reason but miscalculation, far too undersized to handle all 
the produced biogas. This is a problem of great consequence, and an inconvenience that will 
be attended as soon as possible. 

10.1.2 Inconveniences due to inadequate project planning 
More accurate preliminary investigation of the process conditions and wastewater streams 
should have been made. The temperature of the influent to the methane reactors should be 
held at 35°C, not at 37°C as considered during calculation of energy demand. In addition, the 
wastewater from the dairy showed to be warmer than initially believed. Therefore there is an 
excess of energy available compared to the calculated amount. 
The visualisation program InTouch® was chosen by Norrmejerier. The same system is used 
in the production at the dairy. The contractor’s personnel had no previous experience in this 
specific program. As difficulties with programming of this system were encountered, help 
were sought at the dairy. However, it was difficult to find anybody able or willing to assist. 
The difficulties in finding assistance with InTouch® programming at the dairy is one example 
of deficient support for the project by the rest of the organisation. 

10.1.3 Precautions and preparations 
Some preparations would have been very easy to make, but would have made the start-up 
management and interaction with the contractor much smoother. For example, guest users on 
Norrmejerier’s computer system should have been prepared in advance, so that the staff from 
Enviro-Chemie would not need the assistance from Norrmejerier’s personnel to be able to 
access the workstations. 
Another inconvenience that caused problems was that the laboratorial equipment was 
substandard. First and foremost the lack of proper filters influenced the results of the analysis. 
The first few weeks micro filters were used, thereafter plain paper filters. Later on a wide 
range of materials such as paper towels and coffee filters was used to filter the samples. Of 
course, this may have affected the variation and significantly decreased the reliability of the 
measured values. With proper planning, this adverse situation easily could have been avoided.  
Routines and checklists for operation and maintenance (e.g. routines for measurements and 
control) of the plant should have been prepared before start-up. These were not prepared until 
after some weeks of operation. The advantage in doing this during and not before start-up was 
of course that lessons learned throughout the work could be valuable. On the other hand, 
having routines and checklists available at the beginning of the start-up, could have facilitated 
the operation considerably. If an operation is performed in a consistent manner and with 
established methods, the risk of mistakes is reduced. 
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10.1.4 Seed sludge 
It is very important to use suitable seed sludge with good quality. Improper inoculum will 
lengthen the start-up period and make the operation more sensitive. Preliminary investigations 
of the sludge from Ön were performed by Enviro-Chemie. These experiments showed that the 
methanogenic activity and settling characteristics of the sludge was poor. The presence of 
wood chips and plastic material was yet another bad quality of the sludge from Ön. It was 
clear even before start-up that this sludge was inappropriate. Nevertheless, it was used. The 
bad quality of the seed sludge was one reason why the situation with sludge washout arose. 
Further, it was probably the most significant reason to why the start-up process was 
prolonged. 

The reactors were filled with seed sludge to about 10% of the total reactor volumes. This 
seems to be a reasonable volume. It would, on the other hand, not have been disadvantageous 
to inoculate more sludge. A larger volume of seed sludge can handle higher initial COD loads, 
hence shortening the start-up period. It would also have been profitable to transport larger 
volumes of good-quality sludge from the continent. 
The reseeding in June, when more granular sludge from Germany was inoculated, will most 
likely be beneficial and enhance the performance of the plant. By the end of the period of this 
evaluation, it was too soon to conclude whether this reseeding had any effects. 

Collecting seed sludge from several different sources was probably beneficial. This gives a 
wider spectrum of different microorganisms, thus strengthening the microbial community. 
That is, the probability of supplying microorganisms with the right qualities is higher. 
Inoculation of two or more types of sludge may therefore facilitate the start-up process. 

10.2 Interaction with contractor 
The interaction with the contractor during start-up was in general quite good. The 
communication between the parties was open and the cooperation was good. The most 
common problems that arose were confusions due to indistinctness regarding chain of 
decisions and responsibility allotment. Since the contractor’s personnel were German, 
confusions of languages was also an issue. 

10.2.1 Communication difficulties 
Personnel sent to Umeå Dairy by Enviro-Chemie were not always well informed of the design 
and objectives of the plant. The lack of information from contractor should have been 
compensated with an even more verbose introduction and instruction by Norrmejerier. This 
was, however, not made. Enviro-Chemie’s staff wasted several valuable hours walking 
around the plant trying to find specific components. 
Enviro-Chemie’s staff was German speaking and staff from Norrmejerier spoke Swedish. 
Communication between Norrmejerier and Enviro-Chemie was made in English even though 
it was not the native language of anyone concerned. This sometimes led to confusion of 
languages. Many discussions between Norrmejerier’s staff were held in Swedish, although 
staff from Enviro-Chemie was present and the issue of the discussions concerned them. This, 
of course, complicated the interaction between the concerned parties. 
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10.2.2 Chain of decisions and responsibility allotment 
The chain of decisions should have been clearly stated before the work with the start-up 
began. A clear allotment of responsibility would have made the cooperation more efficient. 
As a problem arose, discussions were held between Norrmejerier’s personnel and the sub-
contractors present at site. Solutions formulated and decisions made during these discussions 
ought not to be implemented until the ideas had gained approval by both project management 
and contractor head. In reality, the nature of the problems was often of the kind that action 
could not be delayed. The consequences of these leaps in chain of order and decision are 
several for employer, contractor as well as sub-contractors. Low support by managing and 
indistinctness regarding costs are some of the most significant. 

During the first few weeks of start-up, management of the plant was made in an inconsistent 
way. There was no comprehensive plan, and at some periods as many as four people were 
changing parameters on the control board, all without checking with each another before 
actions were made. This lack of coordination made an already hectic period even more 
confusing. 
The contractor did not always have personnel at site. According to the contract, 
Norrmejerier’s staff was not allowed to act without first consulting the contractor. However, 
Norrmejerier handled the day-to-day operation of the plant, and consulted Enviro-Chemie 
when problem arose and when decisions needed to be made. The choice of how much to feed 
the reactors every day was made by Norrmejerier, in close contact with the contractor, and the 
analysis results were at times sent to the contractor for inspection. 

10.2.3 Training of the staff 
As stated above, the start-up of an anaerobic digester requires good knowledge in bioreactor 
processing; i.e. microbiology, chemistry and technology. Norrmejerier’s personnel at site had 
not assimilated all this knowledge before the plant was set into operation. According to the 
contract, proper training of Norrmejerier’s staff was a part of the agreement. 

Anyhow, Norrmejerier should have made sure that everyone concerned had a clear 
understanding of the biogas process at the start of the project. The lack of education made in 
other aspects competent personnel unnecessarily dependent of the contractor. The staff was, 
however, well trained regarding gas handling and security. They dealt with the practical 
problems that arose in an efficient manner and performed well regarding everyday 
management of the plant. 

Even though the contractor was responsible for building and start-up, Norrmejerier will 
eventually have to manage the plant without any guidance. For successful operation, even 
during steady-state, assimilation of needed knowledge is vital. 
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10.3 Analysis results 
Recording and analysis of the different variables started on the third day of inoculation, that is 
18/2. Below, this day is referred to as day 1. 
The monitored values of COD, VFA, pH, flow to reactor etc. are very similar for the two 
methane reactors. Therefore, only the values from reactor one will be presented and analysed 
in this thesis. 

Values are not available from every day of operation. For some parameters, this situation is 
attributed to malfunction of equipment. For others, there is no obvious reason but negligence. 

As mentioned above, the laboratorial equipment is substandard. In addition, inadequate 
analytical procedures decreased the reliability of the analytic results. The analyses were 
performed by several different persons, using a variety of material for filtration of the 
samples. This must be considered when studying the results. 

It was recommended by the contractor that measurements of ammonium, nitrate, nitrite, total 
nitrogen and phosphate should be made about once a week. It was, however, not made. The 
VFA level in the MET has not been measured either. The lack of these results complicates the 
evaluation of the start-up. There is, for example, no possibility to follow the degree of pre-
acidification in the MET. 
No analysis of the alkalinity in the anaerobic reactors has been made. It was stated by the 
contractor that this was not necessary. If it had been analysed, however, it would have been 
possible to calculate the ratio between VFA and total alkalinity concentrations. A change in 
this ratio gives an early hint of instability in the digester [Griffin et al, 1998]. 
The measurements and sampling was made at 10:00 every morning. Since the HRT of the 
plant and especially of the MET is so short, it is possible that large COD peaks and other 
disturbances may have passed without being noticed until it had reached the methane reactors. 
To circumvent this, in-line COD sensors were installed, as mentioned above. Still, a more 
frequent sampling would have given a better understanding of the process, and would have 
facilitated this evaluation. Anyhow, for practical reasons sampling and analysis more often 
than once a day is not considered reasonable for a full-scale plant such as the one at Umeå 
Dairy. 
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10.3.1 Organic loading rate 
The organic loading rate, OLR, is for day i calculated according to (Eq. 3). 
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Where COD load influent day i is calculated according to (Eq. 4). 
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The organic loading rate of methane reactor one is presented in Figure 7. 
 
 

 

Figure 7 The organic loading rate of methane reactor one during the start-up period, i.e 
18/2 (day 1) to 8/6 (day 110). 

The plot of the organic loading rate during start-up (Figure 7) shows that a cautious feeding 
approach was used during the first two weeks. The following weeks, the feed was increased 
gradually, sometimes with quite large variations. The first large step was between day 18 and 
19 (that is, between 7/3 and 8/3), when the OLR was increased from 0.42 kg/m3day to 0.89 
kg/m3day, which equals an increase to more than the double value in one day. 

Between day 39 and 41 (i.e. 28/3 to 30/3) the feed was raised, once again doubling the OLR. 



 

 
49 

 
 

The third and largest peak was on day 54 to 57 (i.e. 12/4 to 15/4), when OLR was raised from 
1.26 kg/m3day to 2.64 kg/m3day in just a few days. Day 57 the OLR equalled the maximum 
value for the plant design. This day, 133 m3 of whey from Burträsk were fed to the reactors. 

After this peak, the OLR was decreased. It was, however, only decreased to about the same 
level as before the peak load; around 1.50 kg/m3day. The OLR was held at this level for about 
a week’s time. On day 70 (28/4) the feed was once again increased to a peak value of 1.98 
kg/m3day. After this peak, the OLR varied between 0.77 and 1.66 kg COD/ m3 day. The last 
week before the official opening of the plant, the OLR was at the same level as it had been 
almost two months earlier; day 49 the OLR was 1.50 kg/m3day and the last day, day 110, it 
was 1.46 kg/m3day. 
A comparison of the total COD load to the plant with the planned increase of organic load is 
illustrated in Figure 8. 
 
 

 

Figure 8 Planned and actual start-up, 18/2 (day 1) to 8/6 (day 110). Please notice that 
the planned start-up COD load is an approximation. 

Figure 8 shows that all peaks discussed above exceed the limit stated in the start-up plan for 
the particular dates. One must, however, remember that the plot of planned increase of COD 
load only is an approximation. Furthermore, the OLR is calculated from a COD value 
measured only once a day. In reality, the difference between planned and actual values may 
therefore be smaller. 
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10.3.2 Hydraulic retention time 
The HRT day i is calculated by Eq. 5. 
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 =  
Flow influent
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-  Flow influent

i-1
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 [day]                     (Eq. 5) 

The variation of HRT of methane reactor one during start-up is presented in Figure II, 
Appendix 4. 
The HRT plot (Figure II) shows that the HRT was gradually decreased during the first weeks 
of start-up. HRT of plant design, i.e. 3.6 days, has been attained several times during start-up, 
but it has not been stabilised. 

It is possible that a more cautious approach would have facilitated the start-up and decreased 
the problem with sludge washout. The process may have coped with higher OLR:s if the HRT 
had been gradually decreased over a longer period of time. A lower influent flow rate could 
have been achieved by bypassing some of the wastewater to the municipal sewer. 

10.3.3 COD and VFA 
COD and VFA concentrations were analysed from samples collected at the effluent from the 
topmost sampling port. The analysis results are presented in Figure 9. 
 

 

 

Figure 9 The COD and VFA concentrations of methane reactor one between 18/2 (day 1) 
to 8/6 (day 110). 
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There is a clear relationship between the COD and the VFA concentrations in the anaerobic 
reactors (Figure 9). An increase in COD load gives an immediate increase of the VFA 
concentration; the peaks and dips coincide. VFA concentration is a subset of the total COD 
content in the liquid and a higher concentration of VFA will consequently also give a higher 
COD level. Thus, this correlation is most likely not the only explanation of the connection 
between the two curves. The same connection can be observed between the OLR and VFA 
concentration. 

It is therefore obvious that the degradation rate in the methane reactors was quite high, since 
the peaks and dips appear on the same day for both concentrations. Organic material loaded to 
the reactor was quickly degraded into fermentation products. 
According to the contractor, the aim was to maintain VFA concentration under 200 mg/l 
during start-up, and under 100 mg/l at steady-state. This has not been accomplished. Between 
days 40 and 71 (29/3 to 29/4) the level was above 200 mg/l, sometimes as high as up to 700 
mg/l. 

10.3.4 pH value 
pH values were measured in-line and recorded daily. The record for methane reactor one is 
presented in Figure III, Appendix 4.  
With exception from the first few days of operation, the pH value in the methane reactors has 
almost never been within the optimum range of 6.8-7.2 (Figure III). This implies that the pH 
regulation seems to be inadequate. As stated above, methanogenes are sensitive to low pH 
values and the production rate of methane significantly decreases when pH drops to below 
6.5. During start-up, the pH was found to be below this value on several occasions. The most 
drastic drop in pH arose in day 61 (19/4), when the values in reactor one and two reached 6.2 
and 6.1, respectively. The same day the degradation rate dropped to a minimum. 
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10.3.5 Degradation 
The degradation rate is a measure of how much of the added organic material, i.e. COD, that 
is decomposed in the reactor. The degradation rate day i is calculated from Eq. 6 
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Where COD load influent is calculated according to Eq. 4 and COD load effluent from: 
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The degradation rate of methane reactor one is presented in Figure 10. 
 

 

Figure 10 The degradation rate in methane reactor one, day 1 to day 110. 

The degradation rate, that is the reduction of COD concentration, has been over 80% 
throughout most of the start-up (Figure 10). However, there have been a few exceptions. Day 
59 to 66 (17/4 to 24/4) and day 71 to 73 (29/4 to 1/5) are the most important drops in 
degradation rate. The first of these was probably an effect of the high organic load during 13-
15/4. The second was most likely attributed to the peak load the 28/4. A close relation seems 
to exist between variations in OLR and degradation rate. 
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The degradation rate has been high during the period of this evaluation. However, the OLR 
has been low. As the OLR has increased, the degradation dropped to below 80%. It is 
therefore not self-evident that the high COD reduction obtained during start-up will remain. 
On the other hand, the degradation will probably stabilise when the reactors reach a steady-
state. 

10.3.6 Biogas production 
The biogas yield, i.e. the volume biogas produced per degraded kg of COD day i, is calculated 
by Eq. 8. 
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Where RK1 is methane reactor one and RK 2 is methane reactor two. 

The biogas yield from both methane reactors during start-up is presented in Figure IV, 
Appendix 4. The rate of biogas production is presented in Figure V, Appendix 4. An 
estimation of the total biogas production is illustrated in Figure VI, Appendix 4. Methane 
content of the produced biogas is presented in Figure VII. All these values are for both 
reactors. 
No equipment for monitoring of biogas flow was available until day 4/5. Before that, the 
biogas production could only be estimated.  
At plant design, it was calculated that each kilogram of COD would lead to the production of 
350 l biogas. This has, however, not been the case. The biogas yield plot (Figure IV) shows 
that the production has been significantly higher than believed before start-up. It also 
illustrates great fluctuations. Some of the drops in biogas yield are the results of high organic 
loads, but there seems to be other causes for these variations. They can, for example, be 
attributed to differences in type of substrate or in agitation frequency. 
The theoretical yield of biogas from lactose is 0.772 m3/kg COD (see 4.2.2).The measured 
values of biogas production seem to be in accordance with this theoretical yield, rather than 
the value stated by the contractor (i.e. 0.35 m3 / kg COD). Whey permeate, which consists 
mostly of lactose, is the most significant contribution to the overall COD load at the plant. 
The theoretical yield of the feedstock at Umeå Dairy should therefore by much higher than 
0.35 m3/kg COD, as was calculated by the contractor. Thus, there seems to have been a major 
miscalculation. This mistake is probably the reason why the capacity of the steam boiler does 
not match the methane production. 

The illustration of the estimated overall biogas production (Figure VI) shows a lag phase 
followed by a short exponential phase, around day 20 to 40 (9/3 to 29/3). Thereafter the 
accumulated biogas production rate was linear. The rate decreases after day 70 (i.e. 28/4). All 
values before day 51 (4/5) are, however, estimated. 

Because no equipment for measuring the methane content in the produced biogas was 
available at the beginning of the start-up period, no values can be presented before day 51 
(Figure VII). The methane fraction of the gas has since then varied from 54% to 82%. The 
lowest values were measured day 61 and 62 (19/4 and 20/4). At the same days, the lowest pH 
values in the methane reactors were detected and the degradation rate sank significantly. This 
behaviour was most likely attributed to the great OLR between day 54 and 57. 
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During the period of this evaluation the methane content has been quite high. However, the 
OLR has most of the time been only a fraction of the maximum value. Lactose in whey 
permeate is known to give rise to biogas with low methane content. As the additions of whey 
permeate increase, it is possible that the methane content will decrease. It is, on the other 
hand, possible that high methane content will be maintained at steady-state. 

10.3.7 MET performance 
According to the analysis results available, it is not possible to conclude to what extent the 
MET contributes to the overall plant performance. Analyses of VFA after the MET during the 
entire start-up is lacking, why the degree of pre-acidification could not be calculated. This 
value would have shown how much of the organic material in the waste products that was 
converted to VFA, before the material entered the methane reactors. Such information would 
have contributed to the general picture, thus facilitating the evaluation. 

10.3.8 Fat flotation 
The performance of the fat flotation unit day i was evaluated by: 
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The results from these calculations are presented in Figure VIII, Appendix 4. 

When COD in the MET is compared to COD after flotation, the performance of the fat 
flotation unit can be evaluated (Figure VIII). The COD removal in this unit varies between     
-19% and 72%. This variation and the negative values was most likely due to the time lag; the 
fat flotation has a retention time of about one hour, but the samples before and after was taken 
at the same time. However, it seems like the mean efficiency of the fat flotation is almost as 
expected; about 20% of the total COD load is removed. 

No connection can be seen between the performance of the fat flotation and the OLR. There 
were probably many factors influencing the fat removal efficiency, such as flow rate or 
disturbances.  
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10.3.9 Sludge washout 
The washout of sludge day i is calculated by Eq. 10. 
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The rate of washout of sludge was determined by measuring the sludge volume in final 
effluent. From this value, the washout during one day can be obtained by multiplying with the 
flow. This gives a value of the volume of sludge that was washed out. The volume of washed 
out sludge is presented in Figure 11. 
 

 

Figure 11 Sludge washout from both methane reactors, 18/2 (day 1) to 8/6 (day 110). 

There have been five large peaks of sludge washout (Figure 11). The first occurred on day 47 
to 49 (5/4 to 7/4). During these three days, almost 340 m3 of sludge left the plant. The second 
peak, day 63 and 64 (21/4 and 22/4), about 265 m3 was washed away. The third peak arose on 
day 82 to 84 (10/4 and 12/4). This time, a sludge volume of 430 m3 floated off. The fourth 
peak on day 89 and 90 (17/5 and 18/5) resulted in a washout of almost 290 m3. After the 
fourth peak, the washout did not decrease to a low level. Instead, several peaks followed, of 
which the largest one; a double-peak between day 104 and day 110 (1/6 and 7/6), caused 
washout of 1450 m3 of sludge. By the end of the period of this evaluation, (day 111) the rate 
of sludge washout was still quite high.  
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Totally, more than 5180 m3 of sludge left the reactors during start-up. Since no TS values of 
the sludge that left the plant are available, this volume can not be related to the inoculated 
sludge volume. As sludge is washed out from the reactors, the anaerobic culture is weakened 
and the total biomass concentration decreases. Thus, it is obvious that the problem with 
sludge washout has been very serious. 

The sludge washout from both reactors in relation to the OLR of methane reactor one is 
plotted in Figure IX, Appendix 4. This plot shows that the problem with severe sludge 
flotation and washout was most likely established as early as around day 41 (30/3), when the 
second large peak of organic load arose. This high OLR caused the first peak of sludge 
washout and since the feeding rate was not decreased as an immediate reaction to this 
washout, the problem remained. The process did not get a chance to re-stabilise. The 
enormous OLR-peak day 57 (15/4) promoted the washout further. Despite the massive 
washout, the OLR was not decreased at once. 

To abate the sludge washout, calcium oxide was supplied, which would enhance the sludge 
settleability. Addition of calcium oxide related to the sludge washout is presented in Figure X, 
Appendix 4. As the addition of calcium oxide started, the washout decreased. However, the 
OLR was decreased at the same time. It is therefore hard to tell if the calcium oxide 
contributed to the reduction of sludge washout. More sludge left the reactors when the OLR 
was re-increased, despite addition of calcium oxide. 

For the first three peaks of sludge washout, it is clear that the washout increases rapidly about 
one week after a peak in the OLR (Figure IX). For the following peaks, the connection is not 
quite as clear. However, it is most likely high organic loads that are the main cause of sludge 
washout. It was most likely the decrease in OLR rather than the addition of calcium oxide that 
contributed to the reduction of sludge volume in final effluent. 
Another action made to cease the sludge washout was to turn off the bottom stirring 
equipment. It was later found that this had little or no effect on the washout rate. The reactors 
are designed to be completely mixed, and thorough mixing is essential for biomass vitality. 
The switch off of stirrers probably only led to formation of dead zones and lower 
productivity. There is a risk that this action actually promoted rather than stopped the sludge 
washout. 
Improper design of the clarifier may be a contributing cause of the sludge washout. To 
investigate the performance of the clarifier, the sludge volume in effluent from methane 
reactors as well as in the recirculated stream should be measured. By comparing these values, 
an indication of the clarifier performance would be obtained. 
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11 Conclusions and recommendations 

11.1 Conclusions regarding start-up 
At the end of this evaluation, that is 8/6 2005, the biogas production plant at Umeå Dairy is 
running and all central components are performing as intended. Altogether, the construction 
of the plant seems to be appropriate. However, the objectives of the plant have not yet been 
obtained and steady-state has not been reached. This is not likely to be achieved within the 18 
weeks suggested in the start-up plan. The organic load is only about one third of the 
maximum value. However, the COD reduction, biogas yield and methane content of the gas 
show good tendencies. During start-up, there has been massive sludge washout. This washout 
can be attributed to poor settling characteristics of the seed sludge, but also to drastic 
increases of the OLR. 
Because of the easily bio-degraded substrate, it has been problematic to retain the pH-value of 
the anaerobic culture within the optimum range. Large volumes of NaOH have been needed 
for pH-regulation. 

The poor quality of the seed sludge from the municipal treatment works has been confirmed 
during start-up. The low methanogenic activity and poor settling characteristics of this seed 
sludge is the most important reason to why steady-state has not yet been reached. The severe 
sludge washout is also attributed to the poor inoculum. It is very likely that it would have 
been profitable to transport more good-quality seed sludge from elsewhere. 
The characteristics of the sludge should have been considered when the start-up of the plant 
was planned and carried out. A more cautious increase of OLR would most likely have 
prevented the washout of sludge, thus strengthened the anaerobic culture. The feed should 
have been increased in a continuous manner, rather than the stepwise approach implemented. 
The peaks in OLR caused the massive sludge washout. 

A COD-reduction of 80% will most likely be maintained, even at full production. As long as 
the process is at steady-state and is not disturbed, the COD reduction should not be a problem. 
The OLR is, however, not even close to the value that the plant was originally designed to 
process. To reach this value without causing digester failure, a very cautious feeding approach 
must be applied.  
The biogas yield has been significantly higher throughout most of the start-up than originally 
calculated. In consequence to this, the capacity of the steam boiler is too low: maybe just one 
third of the needed effect. The under-dimensioning of the steam boiler seems to be the result 
of incorrect calculations. 
Regarding the methane content of the biogas, it is hard to settle whether it will be maintained 
over 70% or not. This is highly dependent on parameters such as feedstock characteristics, pH 
regulation and OLR. The conclusion on this matter will therefore be left open. 
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Norrmejerier’s management of the interaction with the contractor Enviro-Chemie has 
generally been quite good. However, lack of preparations and unclear chain of decisions and 
responsibility allotment sometimes caused problems. More thorough communications 
between the concerned parties would have facilitated the cooperation. 
Finally, it can be concluded that it is important to carefully document the start-up of an 
anaerobic reactor. This documentation will provide useful information regarding reactor 
history and managing of the plant. Such information can be used to interpret the behaviour of 
the reactor if disturbances occur at a later stage. It can also be used for evaluations, to draw 
conclusions regarding reactor performance and to enhance the understanding of the process.  

11.2 Recommendations 

11.2.1 Recommendations regarding the plant 
I recommend that a very cautious start-up approach is implemented until steady-state has been 
reached. Peaks of organic load should be avoided as far as possible and further efforts should 
be made to maintain the pH value within the optimum range of 6.8-7.2. These precautions 
will most likely decrease the risk for washout of sludge and likely permit an increase of the 
OLR to the maximum value. A cautious start-up procedure is also recommended for the fat 
treatment process. 
However, if the problem with massive sludge washout remains, the performance and design 
of the clarifier must be evaluated. A lower flowing rate, allowing a longer HRT, may also 
decrease the sludge loss to some extent. 
Further, I suggest that all parameters of interest are monitored during the remainder of the 
start-up. That is, all parameters recommended by the contractor. The total alkalinity is also of 
interest and should therefore be included. 

11.2.2 Recommendations to Norrmejerier  
With a large project such as Biotrans, it is vital to involve the entire organisation. Without 
proper support from the rest of the organisation, the project is not likely to be successful. It is 
also important to clearly state the chain of decisions and responsibility allotment, especially 
when a contractor and numerous sub-contractors are involved. 
It is very important to provide concerned personnel with appropriate training. This is of 
greatest value and will secure the realisation of the project. I advise Norrmejerier to invest in 
proper schooling of staff before a large project is carried out. 

11.2.3 Recommendations regarding start-up of biogas plants 
When a biogas plant is about to be put into operation, it is important that the personnel have 
assimilated the required knowledge. Someone who possesses knowledge of bioreactor 
processing should be present at site. It is not sufficient to rely on an external contractor; the 
organisation must be able to operate the plant without assistance. 

The significance of proper seed sludge cannot be overrated. A good-quality inoculum is well 
worth both time and effort in searching for as well as costs for purchase and transportation. 
The choice of seed sludge should be made as soon as possible during planning. 
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It is important to carefully monitor and document a range of parameters during start-up of an 
anaerobic digester. This information is vital for every day managing as well as evaluation and 
understanding.   

Finally, I recommend that dairies and other food-processing industries follow the progress of 
this project. Anaerobic digestion of waste products may be a profitable alternative for many 
industries in this sector. 

11.2.4 Improvements 
The efficiency of the process can be increased by further reseeding of the reactors with good-
quality sludge. As soon as the process stabilises, the effect of addition of nutrients or trace 
elements should be investigated. 

Further, the heterogeneity of the anaerobic culture in the methane reactors is a problem. It 
should be investigated whether the agitation of the CSTR:s could be improved to increase the 
homogeneity of the reactor content. More thorough agitation may increase the performance of 
the process, and prevent the formation of dead zones. 
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13 Appendices 

13.1 Appendix 1 - Calculation of biogas yield from lactose 
The biogas yield from lactose was calculated as follows [Ghaly and Ramkumar, 1999]: 

1 mole of lactose produces 6 moles of methane and 6 moles of carbon dioxide. At room 
temperature (25 °C) and normal pressure, the ideal gas law gives that one mole of gas 
occupies 24.2 L. Hence, 1 mole of lactose leads to the production of 290.4 l biogas. Since the 
molecular weight of lactose is 342 g, this implies 0.849 l gas is produced as 1g of lactose is 
produced. 

13.2 Appendix 2 - Substrate profile 

Table I A profile of the substrate used at the biogas production plant. Please notice that 
the absolute values do not agree with reality. 

Parameter Value 

COD 12 g/l 

pH 4.4 

Total nitrogen (TotN) 89 mg/L 

Ammonium (NH4-N) 9.6 mg/L 

Total phosphorus (P) 86 mg/L 

Potassium (K) 340 mg/L 

Calcium (Ca) 90 mg/L 

Magnesium (Mg) 18 mg/L 

Phosphate (PO4-P) 65 mg/L 

Sulphate (SO4) 31 mg/L 

Nitrate (NO3-N) 9.6 mg/L 

Total fat 45 mg/L 

Cobalt (Co) < 0.01 mg/L 

Nickel (Ni) < 0.02 mg/L 
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13.3 Appendix 3 - Plant layout 

 

Figure I Schematic illustration of the plant layout. Wastewater, residual milk and whey 
flows into the plant, and biogas and effluent water flows out. 
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13.4 Appendix 4 - Analysis results 

13.4.1 HRT 
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Figure II The hydraulic retention time of methane reactor one. 

13.4.2 pH 
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Figure III pH methane reactor one between day 1 (18/2) and 110 (8/6). 



 

 
68 

 
 

13.4.3 Biogas production 
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Figure IV The biogas yield from degraded COD from both methane reactors. 

 

Figure V The biogas production rate from both reactors, day 1 to day 110. 
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Figure VI Estimation of total accumulated biogas production. 

 

Figure VII  The methane content of the produced biogas, day 1 to day 110. 
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13.4.4 Fat flotation 
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Figure VIII Performance of the fat flotation unit. The figure describes to what extent the 
flotation removes COD from the wastewater. 
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13.4.5 Sludge washout 

 

Figure IX The sludge washout from both reactors plotted together with the OLR of 
methane reactor one, 18/2 (day 1) to 8/6 (day 110). Please notice that the sludge 
volume is plotted in hundreds of cubic meters. 

 

Figure X The sludge washout plotted together with the addition of calcium oxide day 1 to 
day 110. 




