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Abstract 

Every year, Östersund Dairy (Arla) discharges significant amounts of Carbon dioxide (4030 

tons) and Nitrogen oxide (4.3 tons) to the atmosphere as a result of burning WRD-oil. In 

addition, large volumes of highly organic potential pollutant of effluents are released into the 

Östersund’s sewage system. 

The main purpose of this study is to evaluate the possibility of emissions reduction by 

employing a biological procedure (anaerobic digestion) at Östersund Dairy. Furthermore, the 

study evaluates the reduction of existing organic potential pollutants in Östersund’s effluents. 

In order to achieve this aim, a comprehensive review of the literature was carried out, mostly 

on anaerobic digestion processes and different types of bioreactors. In addition a case-study 

analysis was conducted, visits were made and interviews with staffs at Östersund Dairy and 

other experts were carried out, and finally some calculations were done. 

The reviews revealed that anaerobic digestion process by employing of an appropriate 

bioreactor – a two-phase anaerobic digester (Biomar® ALB) which is capable of removing up 

to 90% of COD - can significantly convert the organic pollutants into biogas. The combustion 

of this generated biogas (mostly methane) can provide significant portions of required heating 

for processing and generation of products at Östersund dairy. 

Based on the accomplished calculations, the proposed anaerobic digestion process produces 

1,832,861.5   /year of biogas with methane content of 60% to 70% and, on average, a 

heating value of 11,913,508.75 KWh/year. Accordingly, the total emission of     would be 

3,285 tons/year. 

It is suggested that the replacement of generated biogas by WRD-oil will reduce the 

combustion of WRD-oil by 1,150,700 liters per year. Eventually, this reduction will lead to an 

emission reduction of around 513 tons/year of     and 4 tons/year of     in comparison with 

the total emissions in 2009.  
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1. Introduction  

With inception of industrial revolution the utilization of fossil fuels increased dramatically. 

Combustion of fossil fuels leads to Green House Gases (GHGs) emission into the atmosphere. 

Excessive and uncontrolled emission of GHGs into the atmosphere in previous century causes 

serious effects on the environment such as climate changes.  Nowadays, probably one of the 

most important issues which are compromised globally the life and the survival on the earth 

planet is climate change. 

Increase in public awareness about disadvantages of greenhouse gases (GHGs) emission and 

their influences on climate changes have caused a strong interest in public and private sectors 

in reducing emission. The strong interest in emission reduction from public and private 

sectors has caused the Swedish GHGs emission per resident and per the gross domestic 

product (GDP) unit to be low in Sweden during the period 1990-2007. Despite the 50% 

growth in unit of GDP during 1990 to 2008, the emissions have reduced by more than 12% 

from 1990. The emissions in 2009 were declined by 17% in comparison with 1990. The 

current recession from 2009 which affected both industry and transport, has been considered 

as the major reason of lower emission than 2007 and 2008. Nevertheless, the level of Swedish 

emissions was lower in comparison with most other industrial countries at the same time. Fig. 

1 displays the changes in levels of carbon dioxide emission to the atmosphere, in EU and 

OECD countries at 2007 compared to 1990 (Swedish Energy Agency, 2011).  

 

Fig.1 Changes in levels of carbon dioxide emission to the atmosphere, in EU and OECD 

countries at 2007 compared to 1990, in percentage change (Swedish Energy Agency, 2011). 

The Swedish parliament decided about the current national implementation targets in 2009 

under the common name of “A joint climate and energy policy”. Accordingly, by 2020 in 
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comparison with 1990, the GHGs emissions shall be reduced by 40% and the share of 

renewable energy will have to be by 50%. In addition, the energy efficiency and incorporation 

of renewable energies in the transportation sector should be increased up to 20 and 10% 

respectively (Sydow, 2010, Swedish Energy Agency, 2011). Eventually no net emission of 

GHGs to the atmosphere is the final perspective by 2050. Fig. 2 shows the emissions of 

carbon dioxide in Sweden in 1980, 1990–2009 (Swedish Energy Agency, 2011).  

 

Fig. 2 Emission of carbon dioxide in Sweden in 1980, 1990–2009, in 1000 tones (Swedish 

Energy Agency, 2011). 

To achieve these targets a series of policy drivers and apps such as implementation of more 

stringent economic policy instruments, prohibition on landfilling organic, carbon tax (biogas 

exemption), share of program costs in large scale GHG-reducing infrastructure projects and 

green investments in developing countries have been highlighted by EU and Sweden (as a 

member) to facilitate a transition to a higher proportion of biogas in the energy system. 

(Rogstrand, 2012 and Swedish Energy Agency, 2011). 

The environmental Jämtland province prospect has specified that by 2020 the greenhouse 

gases emissions should be reduced by 50% per person in comparison to 1990 levels at all of 

province. In addition, the whole transportation system shall be free of fossil fuels by 2030 

while as early as 2020 public transportation system must obtain this objective (Sydow, 2010). 

Furthermore, the entire province shall be free of fossil fuel utilization by the end of 2050 

(Sydow, 2009). In 2007 the total greenhouse gas emissions in Jämtland province amounted to 

970,000 tones. Despite the fact that the total emission decreased by 19% from 1990 to 2007 in 

the province, the emissions from agriculture sector increased by 18% at the same period. 

Therefore the agriculture was responsible for about 200,000 tons of emissions. According to 

the Regional Development Strategy (2009) the possibilities of producing other types of 
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renewable energies (in addition to hydro and wind) have been considered. Östersund 

Municipality has a purposeful development program for biogas production as environmental 

friendly fuel. The renewable energies like biofuel from forestry and agriculture (to some 

extent) as well as, biogas extraction from agriculture, wastes and wastewaters have been 

considered (Sydow, 2010).   

One of the most important environmental problems which most industries such as food, dairy 

and beverage are seriously faced, are the management or treatment of solid and liquid wastes. 

Since in such industries most of solid and liquid wastes are composed of organic matters, the 

treatment of such high strength wastes by aerobic processes in waste treatment plants is a high 

energy consumer process. The application of suitable biotechnologies such as anaerobic 

digestion, in addition to reducing in energy consumption can generate bioenergy or biofuel.  

Organic liquid or solid wastes typically have this capability to be broken down by 

microorganisms in the absence of oxygen into smaller components and produced biogas. 

Whey is residual liquid of cheese and casein manufacturing. It contains of significant amounts 

of organic components and minerals which often remaining out of human digestive tract and 

then abandon in sewage networks [Gösta Bylund, 1995].  

Since whey and waste milk contain of considerable amounts of organics matters and minerals, 

they are considered as a highly potential pollutant wastewater. By careful application of 

anaerobic digestion process (biotechnology) from one hand potential pollutants will be 

decreased and on the other hand bioenergy (biogas) will be generated. On the other word, 

present organic Substances in cheese whey and waste milk are transformed into biogas, 

thereby chemical oxygen demand (COD) and biological oxygen demand (BOD) values of the 

effluent reduce. Basically, replacement of biogas and combustion of existing methane in 

biogas can potentially help to reduce the global warming potential (GWP). It’s considerable 

that potential of heat-absorption or heat-trapping of methane (   ) is 21 times more than 

Carbone dioxide (   ) in atmosphere. 

Each year around 63 and 42 million liters of cheese whey and waste milk are produced as 

effluent at Östersund dairy respectively. Disposal of such effluent in wastewater treatment 

plant due to presence of high organic pollutants in their components could make serious 

problems. Two types of boiler applied for providing required steam at Östersund dairy. The 

first boiler obtains the required energy form electricity while the second boiler utilized Wide 

Range Distillate oil (WRD-oil) as energy source. According to Milko’s environmental report 

(2009), the required power for electric boiler supply by renewable energy sources but share of 

renewable energy sources due to increasing of price has been reduced to 78%. Accordingly, 

this dissertation is trying to evaluate the GHG emission reduction possibilities by replacement 

of hydrocarbons (WRD-oil) by carbohydrates (cheese Whey or permeate) via anaerobic 

digestion process (bio-tech) at Östersund dairy (Arla). The main purpose of this master 

dissertation is evaluation of reduction possibility of GHGs emission and organic pollutants 

potential by applying of renewable energy source, on the other word, an environmental 

friendly approach (biotechnology) at Östersund dairy (Arla). In addition, this study attempts 

to obtain a picture of emissions, pollutants potential, anaerobic digestion process and plant 

layout in a biological attitude.  
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1.1. Scope 

Due to the lack or inaccessibility of some data such as carbon price or cost investment of the 

anaerobic digestion process, the financial analysis has not been possible in this project. 

Accordingly, this study is limited to evaluation of GHGs changes according to generated 

biogas.  

1.2. Aim and objectives 

The main aim of this study is to evaluate the potential of GHGs emission reduction by 

replacing fossil fuels used in Östersund dairy with an environmental friendly source of energy 

is the main goals of this study. In order to achieve these goals several objectives have been 

considered:  

 Introduction to the process of cheese whey and permeate generation. 

 Comprehensive review of anaerobic digestion process as a reliable technology and 

plant design. 

 Investigation into some of successful existing examples in Sweden. 

 Calculation of GHGs emission (    and    ) from Östersund dairy (Arla). 

 To carry out an analysis of biogas generation, according to the possible scenarios.  

 

1.3. Methodology   

The applied method in this study consists of a comprehensive review of the literature, case-

study analysis, visiting of dairy in Östersund, carrying out some interviews and conducting 

some calculations. The literature was reviewed to understand the anaerobic digestion process, 

biogas production, plant design and layout in a biotechnological perspective. In order to 

obtain information about cheese whey and permeate generation as byproduct and organic 

potential pollutant, a general visit from Östersund dairy was conducted.  Additionally, to have 

a better understanding about plant design and layout, performance of biogas production, 

COD/BOD removal efficiency and potential problems, a successfully-working example in 

Sweden was considered. In this regard contacts were made and a visit was carried out from a 

German company (EnviroChemie) who had constructed, installed and started-up a biogas 

production plant, based in Umeå. EnviroChemie is an expert company in the fields of water 

and wastewater treatment and energy recovery through biological processes. 
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2. Background 

This part presents a general view about history, products and current situation of Arla dairy 

(Ex Milko), as well as generation and utilization of biogas at Östersund. Also GHGs emitted 

by Arla dairy according to latest published environmental data (2010) have been estimated.  

2.1. Arla dairy (Ex Milko) 

Milko was a cooperative company which was established in 1970. At first it was called 

Nedre- Norrlands Producers Association (NNP). Afterwards in 1990 mid dairy (Mittmejerier) 

cooperative was formed then his name was changed to Milko at 1991. Finally Milko was sold 

to Arla and the integrated processes are expected to be completed by January the first 2013. 

Milko dairy was owned by 560 farmers/members from various provinces and parts of Sweden 

such as Jämtland, Dalsland, Dalarna and Värmland but after joining to Arla they have known 

as Arla members. About 280 million kg of row milk delivered and processed in Milko in 2010 

which supplied by 783 milk suppliers. The main business region which was named Milkoland 

was covering more than one third of Sweden but after joining to Arla, Milko dairy products 

deliver under the name of Arla or trade logos of Arla in most region of Sweden. The net 

turnover of Milko was 2 259 million SEk at 2010 [Årsredovisning 2010].  

Milko had a total of four dairies that each one was producing own products but in 2011 two of 

them were closed down (Karlstad and Sundsvall which sold to Arla dairy) and now Östersund 

and Grådö are only working. Milko employs 340 people, of which 250 in production. The 

head office was situated at Östersund but after joining to Arla delivered to Stockholm. Fig. 3 

illustrates the location of farms and dairies at Milkoland. 

Milko dairies produce a wide range of dairy products. These products are produced and 

packaged in sterilized conditions.  They include liquid milk, yoghurt, cream, butter, hard and 

soft cheese, soured milk, messmör yoghurt. Fig. 4 shows products and percentages of each 

product. 

 

 

Fig.3 The locations of Milko suppliers and dairies (Milkoland) [Årsredovisning 2010]. 
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Fig.4 Proportion of Sales by Milko in 2010 [Årsredovisning 2010].  

 

2.2. Arla dairy at Östersund 

Östersund Dairy employs about 150 people and there are about 180 farmers which supply 

required milk for processing. Some products such as hard cheese, butter, messmör and milk 

powder are produced at this dairy. Östersund dairy productions at 2009 consisted of 5410 ton 

of hard and soft cheese, 4984 ton of cooking fat, 1733 ton of messmör (soft whey cheese and 

whey cheese), 1874 ton of processed cheese, 821 ton of milk powder products. Fig. 5 shows 

Milko’s products and proportion of sale in percentage. 

Östersund dairy produces about 62,500,000 and 42,000,000 liter of cheese whey and waste 

milk per year, respectively. Each year about 25 million liter of this generated cheese whey is 

used for Messmör production. The whey surplus and waste milk are disposed in Östersund 

sewage treatment plan. 

 

Fig .5 Proportion of products at Östersund dairy [Årsredovisning 2010]. 
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2.3. Biogas production at Östersund 

There are two locations today for biogas production at Östersund (Fig. 6). Everyday Göviken 

sewage treatment plant receives 20 million liters of wastewater. There is a biogas production 

facility in order to generate biogas from sewage via anaerobic digestion process at this 

wastewater treatment plant. The total capacity of this biogas plant is about 960000    /year 

with methane concentration of 63%. Yearly around 500,000   of upgraded biogas (CNG) is 

produced in Göviken water treatment plant and used as clean fuel in green vehicles. The 

surplus is utilized in Jämtkraft CHP plant in order to generate heat and electricity. Gräfsåsens 

landfill, 7 km outside Östersund, is the other site for biogas production. The collected biogas 

from wastes reduced to 1,444,444    /Year (with 40% methane volume) till 2009. Collected 

biogas in this landfill is utilized in Jämtkraft CHP plant (Söderlund, 2010).   

 

Fig. 6 Location of biogas production at Östersund (Söderlund, 2010).  

2.4. Greenhouses gas balance at Östersund dairy 

In spite of great interest and environmental goals at Milko Company for emissions reduction, 

there is a still excessive emission to the atmosphere continually. It should be noted that efforts 

have taken place for reduction of emissions and energy consumption at Milko, these efforts 

include; utilization of environmentally friendly low-sulfur oil (WRD-oil) for steam 

production, electricity supply from renewable electricity resources under the name of “Good 

Environmental Choice”, introduction of new systems for processing control and heat recovery 

(heat exchangers recover heat from air ventilations and refrigeration compressors) to save 

more energy, time-driven air compressors and ventilation and tights fitting locks at loading 

time from cold storages. Additionally extensive efforts have accomplished to decrease of 

logistics and business travels [Miljöredovisning 2009]. Although these efforts are effective 

and appropriate to reduce the energy consumption in dairy but they are not enough and more 

comprehensive attempt for GHGs emission reduction is required. 

Generally the emission takes place at several stages: 

 Row milk transportation from farms to dairies 

 Processed milk (products) delivery from dairies to markets 

 Milk processing (boiler) 
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It seems the emissions from transportation of row and processed milk is inevitable (at least in 

the near future). By applying or changing biogas engines instead of fossil fuels engines, 

considerable reduction of GHGs emission can be imaginable. However, due to high 

investment requirement such approach currently does not exist in Milko Company. Total 

amounts of      and     emitted in 2009 has been calculated according to the 

Miljöredovisning (2009): 

Total     emitted to atmosphere by transportation (kg) =  

Carbon dioxide to air (kg CO2/mil) × Total mileage (mil) 

Total     emitted (kg) = 9.70 (kg CO2/mil) × 1,005,798 (mil) 

Total     emitted into air = 9,756,240. 6 (kg) 

Total      emitted to atmosphere by transportation (kg) =  

Nitrogen oxide to the air (kg    /mil) × Total mileage (mil)  

Total     emitted (kg) = 0.06 × 1,005,798 

Total     emitted (kg) into air = 60,347. 88 (kg) 

At Östersund dairy two types of boilers exist: 

 Electrical steam boiler which supplies energy required from renewable energy or as 

Milko “Good Environmental Choice” [Miljöredovisning 2009]. 

 Oil-fired steam boiler which use an environmental friendly fossil fuel (WRD-oil) for 

energy supply. 

Despite of the fact that the resource of consumed energy in boiler is a type of environmentally 

friendly refined oils (WRD-oil) but emission of carbon dioxide and nitrous oxide still to be 

continued into the atmosphere. Generally in dairy industries hot steam is widely used in 

production. For this purpose the electricity and WRD-oil is applied in boilers for steam 

generation. Since the electrical boiler has supplied the required energy from an environmental 

renewable energy source or Good Environmental Choice, the emission is zero or very 

negligible.  

 

Notice: 

In order to calculate emissions from transportation, the Swedish Road Haulage Association's 

programs EDB- EDC was used (Miljöredovisning 2009). 

 

 

 



 

15 
 

3. Technical aspects of Östersund dairy 

Demonstration of a summary from cheese, cheese whey and whey permeate production 

process at Östersund dairy is the main purpose of this part.  

After milking, the collected milk from dairy farms or collecting centers for processing is 

delivered to dairy by insulated road tankers. Arrived tankers to the dairy, drive directly into a 

reception hall. Delivered untreated raw milk is stored in outdoor vertical silo tanks. Before the 

start of the milk processing and cheese production, the stored milk must be pasteurized and 

standardized. Usually pasteurization is accomplished in 70-72°C for 15-20 seconds. Then hot 

milk is chilled to around 30°C. The pasteurized milk before delivery to cheese tank, must be 

standardized from viewpoint of fat (mainly) and protein content. If necessary, additives such 

as anhydrous calcium chloride and saltpeter are added to the process. The starter culture 

(bacteria) and the rennet (as coagulants) are introduced to the cheese tank as the essential 

additives for starting of cheese making process. After coagulum formation, the formed 

coagula are cutting into grains (curd) then heated and scalded. The crud is collected for final 

molding, pressing and salting (if required). Finally the formed cheese is stored, in order to 

control condition of ripening. Formed cheeses for final ripening cycle require time; 

accordingly they are kept in storage room (Bylund, 1995).   

Cheese whey is the by-product of cheese production. About 80-90% of the total volume of 

processed milk and approximately 50% of the nutrients in the original milk remains in cheese 

whey. Since cheese whey provides a suitable place for growing of bacteria, thus cheese whey 

must be processed as soon as possible (Bylund, 1995). Some part of generated cheese whey 

use for Messmör production (around 20 million liters) at Milko dairy (Åström, 2011). After 

whey collection, the first stage is casein fines and fat separation. Then the collected cheese 

whey immediately flows over a membrane and retentate and whey permeate is formed as the 

products of ultra filtration process. The solids (retentate) are retained while permeate is 

removed. By drying of retentate, whey protein concentrate (WPC) is produced (Bylund, 1995 

and Åström, 2011). The remained permeate before discharge into sewer network; keep in 

neutralization and equalization tank, in order to pH adjustment (Bylund, 1995, 

Miljöredovisning, 2009 and Åström, 2011).  

The whey concentration unit is the highest energy consumer unit in dairies. Different stages of 

milk processing are shown in Fig. 7.  
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Fig. 7 The flowcharts of Cheese production and byproducts at Östersund dairy (Bylund, 

1995 and Åström, 2011). 
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3.1. Dairy waste products and byproducts 

3.1.1 Dairy wastewaters and byproducts as substrate for biogas production 

Characteristics of dairy effluents and byproducts strongly depend on the methods, type of 

systems and facilities which applied in dairy factories. Hence, characteristics differ from one 

dairy to other one (Vidal et al. 2000).  Dairy effluents typically are consisted of mainly readily 

biodegradable carbohydrates (mainly lactose) along to the less decomposable components 

such as proteins (casein) and lipids (Vidal et al. 2000, Demirel et al. 2005). Since in generated 

effluents from cheese processing, 97.7% of the total COD has formed by organic components 

such as lactose, lactate, protein and fat, dairy effluents have considered as the complex 

substrates (Demirel et al. 2005).    

3.1.2 Cheese whey 

Whey is the yellowish liquid by-product (or residue) of hard, semi-hard and soft cheese 

manufacturing and also of the casein production (Bylund, 1995). Presence of riboflavin 

(vitamin B2) in cheese whey is the reason of its yellowish colour (Prazeres et al. 2012).  

Kosikowski (1976) reported that for each kg of produced conventional cheese, 9 kg of chesses 

whey is generated. Sweet whey (PH 5.9-7) and acid whey (pH 4.3-4.6) are the main varieties 

of produced whey (Kosikowski, 1979, Bylund, 1995, Siso 1996). It has been estimated that 

145 million tons of whey is produced each year (Göböls et al. 2006). Nutrients in this by-

product consist of almost 50% of total milk nutrients which goes into the process (Bylund, 

1995). When cheese manufacturing is finished around 39-60 kg   of lactose, 0.99-10.58 kg 

   of fat and 1.4-8.0 kg   of protein remain in the generated cheese whey (Prazeres et al. 

2012). Whey comprises of soluble protein (mainly β-lactoglobulin, α-lactoglobulin, 

immunoglobulin, serum albumin and lactoferrin), lactose, lipids, mineral salts (principally 

NaCl, KCl, calcium salts), vitamins (B group) etc (Siso 1996, Pescuma et al, 2008, Prazeres et 

al. 2012). The percentages of cheese whey components are displayed in Fig. 8.  

Cheese whey as a high organic potential pollutant has chemical oxygen demand (COD) of 5-

8×    mg/l and biological oxygen demand (    ) of 3-6×    mg/l (Siso 1996, Saddoud et 

al. 2007). Accordingly, appropriate treatment is necessary before discharge.  

Row cheese whey, due to high concentration of organic compounds (up to 80 g COD/l), high 

biodegradability (as much as 99%), very low alkalinity (2500 mg/l as      ) content and lack 

of buffering capacity, has a tendency to get drastically acidified and to become instable. On 

the other word, raw cheese whey due to rapid formation of volatile acid (because of readily 

biodegradation of lactose) which cause low alkalinity, has high trend to acidification. 

Therefore a pH control for instability prevention is vital. Otherwise, because of the stability 

problems, cheese whey is not a readily substrate for treatment and there is serious difficulty to 

treat by anaerobic digestion (Ghaly et al, 2000, Kalyuzhnyi et al, 1996, Malaspina et al, 

1996). To overcome this problem, researchers recommend several solutions such as; two 

stage bioreactor employing, because of better control capability on process (Malaspina et al. 

1996), longer HRT values (5-20 days) application (Kalyuzhnyi et al. 1997), vertical mixing, 

circulation or mechanically stirred (Mockaitis et al, 2006, Wang et al. 2009),  utilization of 

alkalinity supplements such as NaOH,        and  HCO3
−
 (Kalyuzhnyi et al. 1997, Rodgers 
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et al. 2004, Mockaitis et al, 2006) and dilution or deproteinization of cheese whey 

(Kalyuzhnyi et al. 1997, Ergrüder et al, 2001,Omil et al. 2003). Another effective method 

could be dilution of influent by left effluent from methanogenic reactor or recirculation 

(Garcia et al. 1991). But unlike many previous studies Ergrüder et al. (2001) state; that it 

would be possible to have the direct anaerobic digestion of cheese whey at shorter HRT 

values (2-5 days) without significant stability problems observation by UASB reactors. 

Cheese whey has been used as an alternative to animal fodder and fertilizer at farms but due 

to the transport cost, cost effectiveness of usage is highly dependent on mileage (Prazeres et 

al. 2012). The cost of the transport depends on the distance, and it varies between 0.08-0.11 

SEK/liter. While the maximum considered distance is 6 km (Palm, 2010). More importantly, 

since raw cheese whey contains high values of salt and suspended solids, the application of 

cheese whey as a fertilizer faces serious limitations. Despite of the fact that cheese whey 

demonstrated the fertilizing and recovery properties, excessive and improper utilization of 

cheese whey as fertilizer can reduce the growth and productivity rate of plants it can also 

affect the chemical and physical structure of soil. (Prazeres et al. 2012).   

 

Fig. 8 The percentages of cheese whey components (Prazeres et al. 2012). 

3.1.3. Whey Permeate 

Permeate is the by-product of cheese manufacturing, when raw cheese whey is deproteinated 

by an ultra-filtration membrane (bylund 1995). Extracted protein from whey has been 

considered as a new valuable source of protein which can be used in different types of food 

and pharmaceutical industries (Prazeres et al. 2012). 

By protein recovery of whey, only 12-17% of COD is reduced, whereas due to remaining of 

mainly lactose (4-5% of whole) and negligible amounts of other soluble elements such as 

trace minerals, nitrogenous compounds and vitamins, permeate still remains as high organic 

potential pollutant wastewater (Siso 1996, Rajeshwari et al. 2000, lee et al. 2006). 

Additionally, due to high COD concentration of effluent (around 54        after micro/ultra-
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filtration and 1 to 30 kg    after nanofiltration/reverse osmosis) and     values of 30 to 45 

kg    , the effluent require to an efficient treatment before disposal. By the way, high 

biodegradability values of ultra-filtrated permeate (     / COD ≈ 0.5-0.8) leads to a 

favorable biological process (Ebrahimi et al. 2010, Prazeres et al. 2012).  

Several Physicochemical treatment methods are applied to reduce of pollution indicators from 

cheese whey. For instance they can include of thermal and isoelectric precipitation, Protein 

precipitation with coagulant/flocculants agents and membrane separation. Moreover, 

physicochemical treatment leads to remove and recovery of valuable nutritious such as 

protein and lactose in Cheese whey. Among these methods membrane separation process due 

to reduction of generated wastewater is extensively applied in dairy industries. Membrane 

separation processes could be accomplished in several ways depends on remained lactose or 

extracted protein. Microfiltration and ultra-filtration are mostly applied to protein and lipid 

recovery, whereas reverse osmosis and Nano-filteration are used for lactose concentration and 

purification (Prazeres et al. 2012). Water, salts, sugars (manly lactose); low molecular weight 

and negligible amounts of protein (less than 0.1%) are the main components of ultra-filtrated 

cheese whey. (Bylund, 1995, Spachos and Stamatis, 2011). High energy demand due to high 

pressure requirement considered as a drawback for membrane separation process (Prazeres et 

al. 2012).  

Fig. 9 represents the characteristics of whey permeate (Siso 1996).  

 

Fig.9 composition of cheese whey and whey permeate (Siso 1996). 

Fig. 10 demonstrates the principle of ultra-filtration process (Spachos and Stamatis, 2011). 
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Fig.10 principle of ultra-filtration process(Spachos and Stamatis, 2011). 
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4. Organic components of milk 

In order to achieve the best results in the case of dairy effluents treatment and decreasing of 

environmental effects of dairies wastewater, awareness about row materials of dairies and 

organics components of milk is vital. This chapter tries to explain the organic components of 

milk. Raw milk as the main raw material of dairies is composed of around 85.5-89.5% (87.5% 

on average) water and 10.5-14.5% (13% on average) solid components. The solid contains 

3.9% fat, 3.4% protein, 4.8% lactose and 0.8% minerals (omil et al. 2003).       

4.1. Lactose (           

Lactose [β-D-galactopyranosyl-(1→4)-D-glucose] is a disaccharide sugar that is found in the 

milk composition. This carbohydrate is known as the most important energy source in cheese 

whey or permeates. Lactose is responsible for more than 90% of      of cheese whey 

(Saddoud et al. 2007). Several procedures have been suggested for lactose hydrolysis such as 

microorganisms applying, chemically, high temperatures and enzymatic hydrolysis. Among 

them using of immobilized enzyme or solid acid due to reusability and economically 

advantages are preferred (Prazeres et al. 2012). Lactose can be hydrolyzed by β-galactosidase 

enzyme into two monosaccharide; D-glucose and D-galactose. These two simple sugars are 

further degraded into pyruvate, L-lactic, propionic, and eventually acetic acids. Finally acetic 

acid or acetate is converted into methane and carbon dioxide (Gavala and Lyberatos, 2001). 

For acidogenic fermentation of lactose, two possible carbon flows in parallel with each other 

are provided; carbon flow from pyruvate to butyrate and to lactate. Lactose biodegradation 

takes place faster than protein and lipid (Demirel et al. 2005).  

The main organic compounds of whey are decomposed by anaerobic digestion and broken 

down into methane and carbon dioxide (biogas). Accordingly, Buswell developed equation 

(1) based on which proportion of products in this process is calculable (Ghaly and Ramkumar, 

1999). 
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Therefore, the proportion of methane and carbon dioxide for Lactose (          ) is 

calculated as follow (Ghaly and Ramkumar, 1999). 

             O   6    + 6                                                                           (Eq. 2) 

According to the equation (2), one mole of lactose produces six moles of methane and 6 

moles of carbon dioxide. Since at the room temperature (25 ) one mole occupies 24.2 liters, 

when one mole of lactose (whose molecular weight is 342 g) is completely decomposed or 

consumed, 290.4 liters (12   24.2) of methane and carbon dioxide is produced. On the other 

words, by the breakdown of one gram lactose, 0.849 liter (290.4 342) of biogas is produced 

(Ghaly and Ramkumar, 1999, Ghaly et al. 2000, Gelegenis et al. 2007). 

4.2. Milk protein 

The major existing protein (80% of the total proteins) in milk ingredients is Casein (Perle et 

al. 1995). In an anaerobic digestion process, protease hydrolyzes protein into amino acid and 
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polypeptide (Vidal et al. 2000). It was discovered by Perle et al. (1995), since acclimation and 

non-acclimation of substrate to the amino acids essentially have not serious inhibitory effects 

on biogas production rate, no need to pre-acclimation or pre-treatment of substrate. On the 

contrary in the case of casein due to inhibitory effects of casein and reduction of generated 

biogas volume, pre-acclimation is essential. As well as degradability of casein accomplished 

faster in a well acclimated substrate to the casein. In this case authors observed non-

acclimated sludge had 50 Hours delay for starting gas production in comparison with 

acclimated sludge. Accordingly biogas production rate in an acclimated substrate is higher 

and take place faster than a non-acclimated substrate. In addition these authors declined that 

adaptation of substrate (sludge) to the proteins take shorter time than adaptation of substrate 

to the fats. Perle et al. (1995) advised; only after a perfect acclimatization of the substrate to 

the casein, anaerobic digestion process applies for dairy effluents treatment.  

In addition, proteolytic enzymes (proteinase), due to high concentrations of carbohydrates in 

dairy effluents are reduced; as a result the protein degradation decreases. Additionally 

exopeptidases (enzymes facilitating protein hydrolysis) could be suppressed by carbohydrates 

(Yu and Fang 2001, Demirel et al. 2005). Likewise, Yu and Fang (2001) found out that 

protein degradation starts only when carbohydrates are completely degraded. Accordingly it is 

considered that carbohydrates can suppress proteins degradation (Yu and Fang 2001, Demirel 

et al. 2005). 

Furthermore, increase in the rate of ammonia produced from milk protein hydrolysis can 

inhibit degradation process (Chen et al. 2008). It is reported that inhibitory level of ammonia 

for anaerobic digestion process is close to 62.2 mg/l (Chen et al. 2008). Since the protein 

degradation takes place in a much slower rate than lactose, it is suggested that carbohydrate 

presentation, suppress degradation of protein (Yu and Fang, 2001). 

4.3. Milk fat (lipid) 

Lipid is one of the main factors for increasing of the contamination level in dairy effluents. 

Fat contents in dairy effluents could vary from 0.1 to 10.6 kg    (Prazeres et al. 2012).  

Due to low bioavailability, lipid is known as the hardest biodegradable components of milk, 

dairy byproducts and effluents (Petruy and Lettinga, 1997, Demirel et al. 2005). During 

anaerobic digestion process, lipids initially are hydrolyzed into long chain fatty acids 

(LCFAs) and glycerol, and then transform into acetate and molecular hydrogen by β-

oxidation (Fang and Yu, 2000, Demirel et al. 2005). Oleic acid as one of the main products of 

milk fat hydrolysis has inhibitory effects on adenosine tri phosphate (ATP) concentration and 

biogas production (perle et al. 1994).  

Lipids are known as the most important potential inhibitory compounds of dairy byproducts 

and wastewaters in anaerobic digestion process (Fang and Yu, 2000, Demirel et al. 2005). 

Produced glycerol in lipid hydrolysis is a non-inhibitory compound (Perle et al. 1995, Demirel 

et al. 2005), while LCFAs are responsible of inhibitory effects on methanogenic 

microorganisms (Alves et al. 1997, Demirel et al. 2005). It seems saturated LCFAs have 

lower inhibitory effects on methane production than the unsaturated one. Lipids for 

biodegradation needs relatively long HRT (Fang and Yu, 2000, Omil et al. 2003). Hydraulic 
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retention time in lipids biodegradation is much longer than carbohydrates (especially) and 

proteins (Fang and Yu, 2000).  

Lipids due to clogging can result in operational problems in anaerobic digesters (Cirne et al, 

2007). Additionally, adhesion of fats to the biomass can cause biomass flotation on the 

surface (Prazeres et al. 2012) and loss of activate biomass due to washout (Cirne et al, 2007). 

Accordingly application of mechanical fat separation devices such as flotation device or unit 

is necessary (Omil et al. 2003, Cirne et al, 2007). Hence, it is strongly recommended by Perle 

et al. (1995) that anaerobic digestion of dairy waste waters is applied, when the fat 

concentration reduce to less than 100 mg/L. Fat concentration of 360 mg/l cause to reactor 

failure (Haridas et al. 2005). In order to overcome the lipid problem, applying of two-phase 

anaerobic digestion has been recommended (Demirel et al. 2005). Also, it is pointed out 

(Omil et al. 2003, Haridas et al. 2005) that the addition of NaOH to the digester results in a 

dramatic reduction of fat values in the substrate. Despite of these, if a complete anaerobic 

digestion was achieved in digester, fat separation could be unnecessary (Omil et al. 2003). 

Researchers reported that anaerobic digestion of effluents which are rich in lipids, due to poor 

biodegradability and conversion into methane could be faced serious problems such as 

granular sludge flotation and washout (Petruy and Lettinga, 1997, Prazeres et al. 2012). 

Accumulation of lipid may forms a floating scum layer at top of the substrate. Such layers can 

cause to prevention of biogas and effluents exit, additionally they can lead to prevention of 

pellets forming in sludge of UASB reactors (Petruy and Lettinga, 1997). Applying of two-

phase anaerobic digestion processes for concentrated dairy effluents apparently can solve 

suspended lipids problems (Demirel et al. 2005). 

Despite of these, lipids due to higher methane yield obtained in comparison with 

carbohydrates and proteins are attractive substrates for anaerobic digestion (Cirne et al. 2007). 
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5. Biological process 

5.1. Why anaerobic digestion? 

Each ordinary dairy in Europe, on average, generates around 500    of effluents per day 

(Demirel et al. 2005). Since the waste streams of dairies contain large amounts of organic 

matters such as proteins, carbohydrates and lipids, these effluents are characterized by high 

values of BOD and COD. Therefore, they are known as highly potential pollutants which may 

lead to make serious problems in waste water treatment plants (Demirel et al. 2005). Due to 

well recognized associated benefits of anaerobic digestion process, increasing public 

awareness of the environmental impacts of fossil fuels utilizations and unreliability to fossil 

fuels and other types of energies prices, interests in applying of such biotechnological 

approaches extremely have been increased (Vidal et al. 2000, Spachos and Stamatis, 2011). 

Some of main mentioned advantages for anaerobic digestion are the decrease of the 

environmental footprint such as pollution potential reduction, generation of very low surplus 

sludge, low energy requirement, energy recovery possibility, low wastewaters treatment cost 

and renewable energy sources establishment (Ghaly; 1996, Appels et al. 2008; Chen et al. 

2008 and  Spachos and Stamatis, 2011). Also, in comparison with the aerobic treatment there 

is no requirement for aeration equipments, less sludge production,  less energy and land 

requirement and providing energy (biogas) for itself, (Vidal et al. 2000, Spachos and 

Stamatis, 2011). In addition, anaerobic process solely forms 0.1 kg sludge per each kg of 

COD removed while the aerobic process generates 0.6 kg of sludge per each kg of 

transformed COD (Prazeres et al. 2012). However, there exist some drawbacks associated 

with such systems such as complexity, time-consuming, sensitivity to toxic compounds, 

inhibitory substances, environmental shocks and shock loads (Lin et al. 1997). It’s estimated 

the potential of biogas production in Europe is more than 200 billions   /year (Appels et al. 

2008).   

5.2. Anaerobic digestion 

Due to the presence of high strength organic contents, anaerobic digestion is always proposed 

as an attractive and proper option for treatment of industrial wastewater. Anaerobic digestion 

consists of a series of complex biological processes in which the organic wastes decomposed 

by produced enzymes via different types of bacteria in an Oxygen-free environment. The final 

product of this process is a mixed valuable gas which is called biogas (mixture of methane 

and carbon dioxide). As shown in Fig. 11 anaerobic digestion is performed in four 

consecutively stages which consists of hydrolysis (or liquefaction), acidogenesis, acetogenesis 

and methanogenesis. 

5.2.1. Hydrolysis 

The first step of anaerobic digestion is hydrolysis. In this step complex insoluble organic 

matters are hydrolyzed into soluble materials (Ghaly, 1996). Polymers such as proteins, 

polysaccharides (long carbohydrates), nucleic acids and lipids are de-polymerized by 

extracellular hydrolytic enzymes (hydrolytic exoenzymes) into oligomers and monomers such 

as sugar, amino acids, purines, pyrimidines, alcohol (glycerol) and long- chain fatty acids. 
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The hydrolytic exoenzymes are secreted by primary fermenting bacteria (Schink, 1997). 

Research conducted on anaerobic digestion process by researchers (Chen et al. 2007, Appels 

et al. 2008) has shown; hydrolysis of particulate organic substances into soluble matters 

generally is a rate limiting step. 

5.2.2. Acidogenesis 

At the second stage of the anaerobic digestion (acidogenesis) components such as sugar, long-

chain fatty acids and amino acids which are formed during hydrolysis (first step) are used as 

substrate by acidogenic microorganisms (fermentative acidogenic bacteria) (Schink, 1997, 

appels et al. 2008). Acetate (a VFA), molecular hydrogen and carbon dioxide are some of the 

most important products of this stage which can be used by methanogenic bacteria and 

converted directly into methane and carbon dioxide (Schink, 1997, Appels et al. 2008). Along 

with acetate, some other volatile fatty acids like propionate, butyrate, iso-butyrate, valerate, 

and iso-valerate are formed (Griffin et al. 1998, YU and Fang, 2001). Ethanol, butanol and 

propanol are the main alcohols produced in the acidogenic phase (YU and Fang, 2001). 

Production of VFAs and molecular hydrogen is related to acidification of carbohydrates while 

production of alcohols (mainly butanol, propanol and ethanol), VFAs molecular with higher 

weight, and iso-butyrate are attributed to acidification of proteins (YU and Fang, 2001).The 

other formed byproducts in this phase are methanol, fatty acids, lactate and succinate (Schink, 

1997, YU and Fang, 2001). Ince (1998) points out that an insignificant amount of biogas 

during the hydrolysis/acidogenesis step is generated. Although the percentage of methane in 

produced biogas is negligible (5-15%) and the corresponding methane yield was 0-0.15    

   /kg COD removed. Fang and Yu (2000) also reported that the produced biogas in 

acidogenic phase is insignificant and is about 1.7-7.9% of the COD in effluent.  

5.2.3. Acetogenesis 

The third phase of anaerobic digestion is the acetogenesis. In this stage a group of bacteria 

which are so-called secondary fermenters (or obligate proton reducers) transform the 

undigested products from acidogenesis step (which not be able directly digested). The 

undigested components such as fatty acids longer than two carbon atoms, alcohols longer than 

one carbon atom and aromatic fatty acids transform into acetate, carbon dioxide and hydrogen 

(Schink, 1997). Due to slower growth rate of proton-reducing acetogens and methanogens 

compared to the fermenters (acidogenes), the proton-reducing acetogens and methanogens are 

unable to acclimate as quickly as acidogenes to new conditions. Also, acetogens/methanogens 

are more susceptible than acidogenes to the environmental changes such as increase in 

organic loading rate or pH variations (Griffin et al, 1998, Lyberatos and Skiadas, 1999, Yu 

and Fang, 2001).  

Acetogenesis stage is influenced largely by partial pressure of     (Apples et al, 2008). 

Hydrogen partial pressure can influence the acetogenic growth rate (Lyberatos and Skiadas, 

1999) also, production of acetic acid, propionic acid and butyric acid (Apples et al, 2008). 

High values of hydrogen Partial pressure inhibit (thermodynamically) propionic and butyric 

acids production. Subsequently, decrease in pH value (< 6) can cause to inhibition of 
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microorganisms activities or bacterial species. A high drop in pH value (< 5.5) can resulted in 

process and digester failure (Lyberatos and Skiadas, 1999).  

5.2.4. Methanogenesis 

Methanogenesis is the final stage of the anaerobic digestion. Two different types of bacteria 

are involved in this stage. The first group which is called Methanosaeta and Methanosarcina, 

are responsible for about 75% of the produced methane during the anaerobic digestion. They 

convert acetic acid to methane and carbon dioxide.  

The other group is the     utilizing methanogens which uses the carbon dioxide as the 

acceptor and the hydrogen as the giver of electron to reduce carbon dioxide to methane. This 

group of bacteria is responsible for 25% of produced biogas and includes different species 

such as Methanobacterium omelianski, M. formicium, Methanococcus vannielli and 

Methanosarcina barkerii (Massea and Droste, 2000).  

However, the VFAs are the most important intermediates in an anaerobic digestion process 

but VFA production at concentration ranges of 6.7–9.0mol/    could be toxic to 

methanogens. Accordingly, one serious problem which can be associated to this process is the 

sudden increase in VFAs concentration. Any imbalances in the process can cause 

accumulation and increasing of VFAs concentration. These imbalances could be occurred by 

overloading in organic rate, toxic compounds, fluctuation in temperature and presence of 

lipids in feedstock (Griffin et al, 1998, Mechichi and Sayadi, 2005, Appels et al. 2008). In 

such instances, inability to rapidly removing of hydrogen and volatile organic acids by 

methanogens (as quickly as they are produced) leads to a drop in pH value and ultimately 

results in a hydrolysis/acidogenesis inhibitory (Griffin et al. 1998, Siegert and Banks, 2005, 

Apples et al. 2008,). 

5.3. Mesophilic and thermophilic digestion 

Anaerobic digestion can effectively take place over two temperature ranges, the mesophilic 

range (20-42°C) and the thermophilic range (42-75°C). However, anaerobic digestion can be 

accomplished at psychrophilic (0-20 ) condition, but these ranges can make a better 

environment for mesophilicand thermophilic bacterial activities and finally increase anaerobic 

digestion efficiency. Moreover, the higher the temperature causes to decrease in time 

requirement for attain to a specific degree of digestion (Rajeshwari et al. 2000).  

Researchers have considered several advantages and disadvantages for comparing them. 

Accordingly, faster digestion in thermophilic condition due to increase of biochemical 

reaction rates, dewatering improvement, increasing in destruction of pathogenic organisms 

and increasing in solid reduction are the main counted advantages for thermophilic condition. 

Whereas the main cited disadvantages for thermophilic condition are: 

 Much higher energy requirement 

 A supernatant with lower quality 

 Large quantity of dissolved solids 

 Higher odor potential problem 

 More control requirement due to very weak stability of  process 
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In addition, thermophilic microorganisms are more sensitive than mesophilic bacteria against 

temperature fluctuations (Appels et al. 2008), but thermophilic condition due to increase of 

methanogens growing rate is more favorable than mesophilic (Rajeshwari et al. 2000). 
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Fig. 11 An overview of subsequence steps of anaerobic digestion process (Schink 1997, 

Griffin et al. 1998, Lyberatos and Skiadas, 1999, Yu and Fang 2001, Appels et al. 2008). 

 

 

 

 

 

Complex biopolymers 

     

 

 

 

Proteins Carbohydrates Lipids 

Monomers and oligomers 

 Amino acids 

 

Sugar Long- chain fatty acids and alcohol 

 

Acetate Fatty acids, alcohols, lactate and succinate, 

volatile fatty acids 

Acetate, Carbon dioxide, Hydrogen 

       

Methane and carbon dioxide 



 

29 
 

6. Influential process parameters 

There are several important parameters which affected the whole or part of the anaerobic 

degradation process by affecting anaerobes. Since anaerobes are very susceptible to process 

parameters, lack of attention to each of these parameters can result in decrease in efficiency or 

process failure (Appels et al. 2008). Accordingly, this section explains briefly these influential 

parameters and the possibility control of them.  

6.1. PH 

Apart from characteristics of dairy effluents, utilization of disinfectants, alkaline and acids 

cleaners in dairy industries cause high variable pH in dairy wastewaters (Demirel et al. 2005). 

Research conducted showed the levels of pH have important direct influence on hydrolysis 

and acidification of substrate, as well as concentration of organic matters such as 

carbohydrates, soluble proteins, nitrogen (N) and phosphor (P). But the effect of the pH on 

concentration of carbohydrates and soluble proteins is approximately the same.  

The experiments showed in substrates with neutral pH level of 7 and acidity pH level of 4 the 

concentrations of soluble proteins and carbohydrates were significantly shorter than the same 

substrates with high alkaline pH level of 11. Acidic substrate with pH level of 4 represented 

the highest concentration of P and N. Additionally; pH has an influence on VFA production 

during hydrolysis and acidification phases. Accordingly, by increasing the pH to levels of 8-

11 the total VFAs concentration is significantly improved (Chen et al. 2007).  

The levels of optimum pH for different types of microorganisms are different (Appels et al. 

2008). It is reported by several authors that the most optimum pH level for biogas production 

and methane yield is in a range of 6.6-7.6 and at pH level of 7-7.2 the methanogenic bacteria 

shows the best performance of biogas generation (Ghaly, 1996, Chen et al. 2007, Appels et al. 

2008).  Chen et al. (2007) expressed that produced biogas decreased by increase and decrease 

of pH rate from 7-11 and 6-4 respectively. Whereas by increasing of pH level from 4 to 6, the 

amounts of generated biogas are increased. Ghaly, (1996) conclude that the control of pH is 

crucial for biogas production from anaerobic digestion of cheese whey. Additionally, the 

increase in pH cheese whey to favorable ranges significantly increased the rate of biogas 

production but not the methane percentage in the produced biogas.  

Since acetogens/methanogens (microorganisms) are more sensitive to pH variations than 

fermentative bacteria, their development rate is slower than acidogens, thus these can result in 

organic acids accumulation and drop in pH. As a result the continuation of this condition can 

cause failure in the whole process [see 5.2.3] (Yu and Fang, 2001). The optimum ranges of 

pH which is recommended by several researchers for acid phase is about 4.5 to 5 (Ghaly et al. 

2000). According to Appels et al. (2008), fermentative microorganisms are somewhat less 

susceptible to pH variations. They are able to tolerate and operate at a wide range of pH of 4 

to 8.5. They have also added that at lower pH (<4) butyric and acetic acids are the main 

products whereas propionic and acetic acids are the main products at a pH of 8. In addition, 

according to Lyberatos and Skiadas (1999) generation of methane is stopped at levels lower 

particularly than 5.5.  
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6.2. Alkalinity 

Extraordinary importance of alkalinity control during the anaerobic digestion has been 

mentioned by several different researches (Demirel et al. 2005, Prazeres et al. 2012). 

According to Ghaly et al. (2000, p.178) ‘the total alkalinity of an anaerobic digester is a 

measure of its ability to neutralize excess organic acids and maintain constant pH’. The total 

alkalinity recommended in the form of calcium carbonate (     ) is a range between 2500 to 

5000 mg/l (Ghaly et al. 2000).  

Prazeres et al. (2012) indicate low quantities of alkalinity around 50 (meq    ) can lead to 

lose operation. They also added, since the production of VFAs by acidogenic bacteria is 

higher than the degradation rate of them by methanogenic bacteria, the VFAs accumulate in 

culture rapidly. The accumulation of VFAs is caused to increase of acidity level in substrate. 

As a consequence serious difficulties occur to the anaerobic digestion process and 

maintaining a stable operation. In addition, Omit et al. (2003) observed the prohibitory 

problems or disturbances in anaerobic digestion process due to low alkalinity (lack of 

alkalinity supplementation). 

Accordingly, to overcome such problem and keeping operation in a stable condition addition 

of alkaline supplements such as lime, calcium carbonate, sodium hydroxide, sodium 

bicarbonate and sodium bicarbonate + potassium bicarbonate are proposed (Prazeres et al. 

2012). Alkalinity rate can impress the performance and maximum loading rates of anaerobic 

digesters (Demirel et al. 2005). An alkaline substrate increases the acceleration of hydrolysis 

rate (Chen et al. 2007). According to Lin et al. (1997); by increasing the alkalinity (NaOH 

concentration) the methane production is increased.  

6.3. Temperature 

Temperature is known as one of the most important influential factors on anaerobic digestion 

process rate. The temperature can influence the physicochemical features of present 

ingredients in digestion influents (Appels et al. 2008). It can also affect the dynamic 

population of the anaerobic process by influencing the metabolism and growth rate of 

anaerobes (Lettinga et al. 1999, Appels et al. 2008, Chen et al. 2008).  

Anaerobic digestion can take place within three different range of temperature; psychrophilic 

(0-20°C), mesophilic (20-42°C) and thermophilic (42-75°C). Anaerobic bacteria can tolerate 

temperature variations very well up to the temperatures at which the decay rate of bacteria 

does not exceed the grow rate (Rajeshwari et al. 2000). Decrease in temperature of anaerobic 

digestion process commonly causes to decrease in both substrate utilization rate and 

microorganisms development (Yu and Fang 2003). Yu et al. (2002) discovered that in a 

thermophilic condition, the rate of biogas production and substrate degradation was more than 

mesophilic condition but eventually substrate is acidified under either condition. In addition, 

increasing the temperature leads to an increase in chemical and biological reaction rates, 

enhancement in rate of pathogens death and organic compounds solubility. Also employment 

of thermophilic conditions resulted in inhibition problems on anaerobes via increasing of a 

fraction of free ammonia (Appels et al. 2008). 
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The psychrophilic digestion due to slowness of microorganism’s growth rate and conversion 

process require long retention times. This could be resulted in bioreactors with large volumes. 

Mesophilic digesters require less reactor volume in comparison with psychrophilic digesters. 

The thermophilic digestion is appropriate for effluents with high temperature or pathogens 

removal is essential (Mes et al. 2003). 

If any time at mesophilic condition the temperature collapses below 35 , a drop of each 10  

of temperature, bacterial growth and activities are decreased by one and half. Thus, for 

achieving a specific rate of digestion if the temperature is lower, longer digestion is needed. 

The effect of temperature on hydrolysis and acidogenesis bacteria is low whereas temperature 

variations have significant effects on activities of acetogenic and methanogenic 

microorganisms (Rajeshwari et al. 2000). Typically, the increase in temperature leads to 

raising the rate of biogas production (Ghaly 1996 and Mes et al. 2003). Despite of this fact 

that the anaerobic digestion process can accomplish in a variety of temperatures but a range of 

35 to 37˚C is the best temperature (Mes et al. 2003). Also it has been highlighted that 

sensitivity to organic variations was more in anaerobic digesters which operated at lower 

temperatures (Leitao et al. 2006). 

Studies carried out on anaerobic filter treatment system indicated that by increasing of 

temperature the digester performance and the COD removal increased (Viraraghavan and 

Varadajaran, 1996). The lack of temperature control caused serious inhibitory problems in 

anaerobic digestion process and bioreactor functions (Omit et al. 2003). 

6.4. Hydraulic retention time (HRT) 

According to Appels et al. (2008), ‘The hydraulic retention time (HRT) is the average time 

the liquid sludge is held in the digester’. The HRT is one of the main influential parameters on 

anaerobic digestion process (de la Rubia et al. 2006); particularly on acidogenesis phase 

(Demirel and Yenigun 2004). Speece (1983) stated that reduction in HRT minimizes the 

volume of the reactor; consequently the capital investment is decreased.     

 Fang and Yu (2000) examined the influences of HRT on dairy effluents (in mesophilic 

conditions). They observed that in the biodegradation of sludge when the HRT was decreased 

to less than 12.5 hours, the biogas generation stopped. Fang and Yu (2000) reported that the 

insignificant degradation of proteins at low HRT could be related to higher concentration of 

carbohydrates and suppressive features of carbohydrates on synthesis of the exopeptidases 

(see 4.2. Milk protein), and the negligible decomposition of lipids at low HRT is attributed to 

the higher hydrogen partial pressure in the reactor. They concluded that by increasing of HRT 

the range of acidification is increased. Accordingly, the biodegradability of main components 

is increased by increasing of HRT and following the order of carbohydrates > proteins > 

lipids (Fang and Yu, 2000). 

Demirel and Yenigun (2004) investigated the influences of HRT on acidogenic phase (due to 

the importance of this phase on methanogenic phase and whole process). They reported that 

VFAs production is influenced by different rates of HRT (with no pH control), especially in 

lower HRTs (acidification rate determines by HRT). Indeed, with the reduction of HRT the 

concentration of VFAs are increased. The HRT mainly influences the rate of acidification and 

acid production, thus at low HRTs without pH control, high rates of acidification are attained. 
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Production of Lower biogas showed the effect of HRT on methanogenic activities. The biogas 

Production in acidogenic reactor (Two phase anaerobic digestion) if mostly formed of carbon 

dioxide, hydrogen molecular and insignificant amounts of methane. Nevertheless, the biogas 

production rate is increased by HRT enhancement (Fang and Yu, 2000, Demirel and Yenigun 

2004).  Generally, the increase of HRT leads to increase in biogas production (Ghaly 1996) 

and the enhancement of HRT could be increase the COD removal efficiency of system 

(Garcia et al. 1991). In this regard Rodgers et al. (2004) discovered that the HRT of less than 

one day caused to increase of the effluent COD and decreased in the removal efficiency of 

COD. According to Bal and Dhagat (2001), when anaerobes removal is faster than their 

recovery or development, an HRT limitation could be attained. These authors as well as 

highlighted the possibility of biomass washout at lower HRTs. In addition, Bal and Dhagat 

(2001) strongly recommended the higher levels of HRTs to conservation of anaerobic 

microorganisms population in reservoir.   

Therefore, for a successful hydrolysis-acidogenic bacteria development, the control of HRT is 

vital (Fang and Yu 2000). It was found out that switching off the stirrer half an hour before 

and after the medium loading in a CSTR system, due to sedimentation improvement of solids 

biomass, lead to an increase in biomass retention and the continuation of the methane yield 

(Chen et al. 2008). 

6.5. Solids retention time (SRT) 

According to Appels et al. (2008) ‘the solids retention time (SRT) is the average time the 

solids spend in the digester’. The SRT has been known as one of the main parameters in 

anaerobic digestion systems (de la Rubia et al. 2006, Appels et al. 2008) and as s fundamental 

parameter in the biotechnology systems design (Speece, 1983; Appels et al. 2008). Initially 

the SRT was considered approximately the same as the HRT in completely mixed systems, 

while by employing of advanced anaerobic digesters, the SRT values could be up to 10-100 

times longer than HRT (Ergüder et al. 2001). This caused considerable decrease in required 

bioreactors volume and a capital investment as the important factors in application of 

anaerobic digestion process (Ergüder et al. 2001). In addition, a maximal SRT could be 

favorable due to more its stability in the process and production of less sludge (Speece, 1983). 

An increase in SRT resulted in development of the reactions and vice versa (Appels et al. 

2008). According to de la Rubia et al. (2006), by increasing the SRT the efficiency of volatile 

solids removal is slowly decreased. Additionally, the retention time has significant influence 

on population of methanogenic microorganisms and the stability of the system (Lawrence and 

McCarty, 1969, Rubia et al. 2006). Therefore, a decrease in retention time caused an increase 

in methanogens 100-fold lower than hydrolytic and acetogenic bacteria (Rubia et al. 2006).  

6.6. Heavy metals 

There are some heavy metals in dairy effluents such as iron (Fe), cobalt (Co), copper (Cu), 

zinc (Zn), cadmium (Cd), nickel (Ni), chromium (Cr). Heavy metals are not biodegradable 

and are potentially capable of accumulation in toxic doses. Since most of heavy metals 

constitute of important part of essential enzymes to anaerobic reactions formation, availability 

of them is crucial. In addition, disruption in enzymes structure and function by attachment of 
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metals to protein molecules (which is one of the main reasons for toxic effects of heavy 

metals on anaerobic digestion) caused a decrease or failure in digester performance (Chen et 

al. 2008). It seems that due to more toxicity effects of copper (Cu) compared to zinc (Zn), the 

copper has more inhibitory effects on the anaerobic digestion process. However, the 

concentration of heavy metals such as copper, nickel and zinc in dairy effluents does not have 

a significant influence on anaerobic digestion process efficiency (Demirel et al. 2005).  As 

Montalvo et al. (2012) heavy metals removal via zeolite is possible. Finally, the sensitivity of 

acidogenesis and methanogenesis to various elements in comparison with each other is as 

follows as; Cu > Zn > Cr > Cd > Ni > Pb and Cd > Cu > Cr > Zn > Pb > Ni, respectively 

(Chen et al. 2008). 

6.7. Ammonia  

The biological decomposition of nitrogenous matters (frequently in the form of protein) and 

the hydrolysis of urea results in ammonia production (Gallert et al. 1998, Kayhanian, 1999). 

Two main forms of inorganic ammonia in watery solution are free ammonia (   ) and 

ammonium ion (   
 ). Since free ammonia is freely membrane-permeable, it has been 

proposed as the main factor of inhibition in anaerobic digestion process (Chen et al. 2008). 

There are several mechanisms for inhibitory effects of ammonia, these incloude variations in 

intracellular pH, inhibition of a specific enzyme reaction and increase of maintenance energy 

requirement (Gallert et al. 1998, Chen et al. 2008,).  

According to Kayhanian (1999), the production of fatty acids by acetogenesis bacteria and 

their consumption by methanogens has to be equal or proportional. Hence, any imbalance in 

production or/and consumption of fatty acids can cause to instability in pH of digester. Since 

methanogens among four different types of anaerobes are the weakest microorganism against 

various types of environmental stresses such as ammonia overload (inhibition) or/and fatty 

acids, therefore the most likely to cease production by methanogenic bacteria. Since, in order 

to maintain a constant PH within the digester, a balance should be formed between production 

of fatty acids by acetogens and consumption of them by methanogens, any methanogenic 

bacteria inhibition by ammonia can resulted in decrease of pH and finally may cause to 

process failure.  

It is stated that increasing of ammonia concentration to more than 1500 mg d    leads to 

start the inhibitory problems in the anaerobic digestion process (Demirel and Yenigun 2004). 

As mentioned the concentration of 3000 mg/l is a strong inhibitory concentration for anaerobe 

processes (Appels et al. 2008). Some inert materials such as clay, activated carbon and zeolite 

due to immobilizing the microorganisms can reduce the inhibitory effects of ammonia and 

leads to a more stable process (Chen et al. 2008). Hence, utilization of zeolite (as an ion 

exchanger) is efficient to remove ammonia from industrial effluents in anaerobic digestion. 

However, it is crucial to control of the zeolite dosage consumption due to probable destructive 

effects on microorganisms (Milan et al. 2010).  

6.8. Organic loading rate (OLR) 

The organic loading rate is a measurement to find out how much of organic matters (volatile 

solids) could be fed into a bioreactor per day or each unit of time (i.e. kg COD/   day). It is 
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reported by several researchers that the increase of OLR cause a decrease in the degradability 

of main organic substances. The degradability of major organic components are following the 

order of carbohydrate > protein > lipid (Yu and Fang 2002).  

Garcia et al. (1991) stated that the addition of one gram        per liter to the effluents with 

organic loading rates higher than 8 kg COD         to the increase of pH is required. 

Several factors such as variations in compounds and flow rate of wastewaters, high 

concentration of influent medium, extreme concentration of lipid and suspended solids in 

dairy wastewaters, existence of sufficient volume of alkalinity in digesters and the application 

of appropriate bioreactors with exact arrangements for wastewater treatment are influential 

factors which affect the maximum loading rate (Demirel et al. 2005).  

In an imbalance anaerobic digestion process, the slower consumption of volatile acids by 

methanogens than their production by acetogens leads to accumulation of volatile acids in 

culture. This could be resulted in decrease of alkalinity and increase in acidity (Rodgers et al. 

2004). Employing of porous support media can increase the stability of bioreactor at high 

OLRs (up to 21 kg COD/   day). Additionally, employing of an equalization tank prior to 

the anaerobic treatment facilities (bioreactors) for stable process efficiency has been 

recommended (Demirel et al. 2005). 

6.9. Volatile solid  

The volatile solid is the organic fraction of total solid, of which a portion is converted into 

biogas. Since microorganisms use volatile solid (VS) as substrate, the VS is a significant 

parameter in generate estimation of biogas potential. Accordingly, biogas production could be 

declared in terms of removed VS or produced biogas per unit weight of added VS (Lapp et al. 

1975).  

In an anaerobic digestion process the volatile solids are digested to a certain extent and 

converted into biogas (Hansen et al. 2007 and Appels et al. 2008). Hence, the determination 

of the VS is necessary, since the measurement of VS gives the amounts of biodegradable 

organic substances in substrate and subsequently applies to calculate the biogas productivity 

(Ghaly, 1996, Angelidaki and Ellegaard, 2003, de la Rubia et al. 2006). Control of some 

parameters such as pH and temperature can influence VS removal (Ghaly, 1996). The total 

solid (TS) content varies considerably between different substrates, from a few percent in 

sewage sludge (ferment slop) to almost 80-90% in the straw and leaves (Nilsson et al. 2001 

and Steffen et al. 1998).  

The VS content of potential substrates does not vary; they are often between 70-95% (Nilsson 

et al. 2001). Various ranges of total solid and volatile solid of TS (%) has been characterized 

for cheese whey. They could be differed from 1 to 6 % for total solids and 71.7 to 95% of 

total solids for volatile solids (Hagelberg et al.1998, Steffen et al. 1998, Ghaly et al. 2000, 

Khanal, 2008, Venetsaneas et al. 2009).  

6.10. Light metals ions (Na, K, Mg, Ca, and Al) 

Light metal ions such as calcium, sodium, potassium, magnesium and aluminum could be 

generated in anaerobic reactors by decomposition of organic matters or introduced to the 
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bioreactor as a supplementary PH regulation (Chen et al. 2008, Appels et al. 2008). High 

concentration of light metal ions (salt) due to osmotic pressure can lead to the dehydration of 

bacterial cells (Chen et al. 2008). Despite of requirement to the average values of Light metals 

to motivate the growth of microorganisms. An excessive dosage of light metals ions could be 

resulted in velocity of bacterial growth. At the higher concentrations or overdoses of the light 

metals, consequently the inhibitory effects and/or toxicity may occur to the process (Chen et 

al. 2008, Appels et al. 2008). Some critical concentrations of light metal ions (inhibitors) have 

shown in Table 1 (Chen et al. 2008, Appels et al. 2008).  

 

Element 

 

Stimulating 

concentration 

(mg/l) 

 

Moderately 

inhibitory 

concentration (mg/l) 

 

Strongly inhibitory 

concentration (mg/l) 

Sodium (   )  3500-5500 8000 

Potassium  (  ) 200-400 2500-4500 12000 

Calcium (    ) 100-200 2500-4000 8000 

Magnesium (    ) 75-150 1000-1500 3000 

Aluminum (    ) 2500   

 

Table. 1 various inhibitory concentration for various elements 

6.11. Detergents 

Accurate cleaning of dairy equipment is a vital issue. Several methods apply for the 

equipment cleanliness of dairy factories. These include physical, chemical, bacteriological 

and sterile cleanliness. Detergents could be alkaline such as caustic soda (NaOH) or acidic 

like nitric acid. Inevitable use of alkaline and acid cleaners and sanitizers in dairy industry 

cause variations in effluents characteristics, particularly pH variations (Demirel et al. 2005). 

Typically the cold surfaces are washed off by alkalis and only occasionally an acid solution is 

utilized whereas the heated surfaces are cleaned by alkaline and acid detergents with 

intermediate water flushing. Usually Teepol (alkyl aryl sulphonate) as an anionic surfactant is 

applied. It should be mentioned that cleaning with alkaline detergents should be accomplished 

at least at 70˚C. For nightly bacterial growth prevention, pipes and equipment are  finally 

rinsed by water which has been acidified by adding phosphoric or citric acid to a pH of less 

than 5 (Bylund 1995).  

It is reported that detergents and surfactants negatively affected anaerobic digestion (Chen et 

al. 2008). Detergents contain surfactants and these surfactants can result in decreasing of 

surface tension in mixtures such as water and air or soil and water. Although biodegradation 

of these compounds may formed in wastewater treatment plants or bioreactors, high values of 

concentrations can cause inhibitory or toxic effects on biological treatment. Some surfactants 

such as the linear alkylbenzene sulphonates (LAS) can lead to the inhibitory effects of the 

anaerobic digestion process. Therefore, this category of surfactants due to the frequent 
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utilization should be more considered in anaerobic digestion. The effects of sudden increase 

in concentration of detergents, depends on concentration and duration is vary. These 

compounds have more inhibitory effects on methanogens than the other anaerobic 

microorganisms. Accordingly, this can lead to the accumulation of VFAs, decrease in the pH 

and eventually decrease in produced methane. However, by shocking removal the system 

could recover itself easily (Leitao et al. 2006). 

Despite the fact that applied detergents for cleaning of equipment at Östersund dairy are not 

hazardous, they can lead to significant variety in pH level. To overcome such problems, today 

there are neutralization and equalization tanks (MBT and conditioning tanks) at Milko. These 

tanks ficilitate the pH adjustment and prevent any accidental discharge (Miljöredovisning 

2009).  
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7. Biological reactor (digester)  

The main purpose of this part is to provide an overview about characteristics and efficiency of 

anaerobic digesters in organic substances removal and gas generation. 

Anaerobic bioreactor is an airtight chamber or container which is used for anaerobic digestion 

process (in the absence of oxygen) and leads to biogas formation at the end of the bio-

reaction. Usually the bioreactors are made of metal or concrete. Success in biogas production 

project (as mentioned before) is highly dependent on factors such as ph, temperature, HRT, 

concentration of various ions (see 6) and proper design. 

According to a number of previous studies (Demirel et al. 2005, De Mes et al. 2003), bench–

pilot and full-scale projects, different types of bioreactors have been designed and applied for 

treatment of household, industrial and agricultural wastewaters in the last decades. However, 

depends on type of substrate, volume, design, temperature, application and capital investment 

different types of bioreactors are applicable.  

Fig. 12 shows development and domination of different types of employed anaerobic 

digestion systems for treatment of industrial wastewaters. 

 

Fig. 12 Different types of anaerobic digestion systems used in industrial wastewater treatment 

plants (Wheeler 2001). 

7.1. High rate anaerobic digestion reactors 

High rate anaerobic digesters (Fig. 13) are also known as second generation of digesters 

(Rajeshwari et al. 2000). These types of bioreactors mostly work at mesophilic conditions. 

The heated liquid sludge is introduced steady to the system. Sludge mixing is accomplished 

by agitators, gas recirculation and pumping. The sludge heating is done by (mostly) external 

(because of more flexibility and maintenance easiness) and/or internal heat exchangers, as 

well as steam injection (Appels et al. 2008). Since any anarchy, shock and/or stop in system 

feeding can lead to serious disorders (especially methanogenic bacteria actions) and reduction 

of anaerobic digestion process efficiency, a steady feeding and prevention of any shock is 

vital. Such systems can operate at considerable values of organic loading rate, up to 24 kg 
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COD/   per day and low HRT (Rajeshwari et al. 2000). The retention of biomass (SRT and 

HRT) in a bioreactor is one of the main factors that can affect the success of high rate 

digesters (Dereli et al. 2012). Some of these reactors and their important features are 

discussed below. 

 

Fig. 13 High-rate digester (Appels et al. 2008). 

7.2. Single phase anaerobic digesters 

These types of bioreactors consist of a single vessel which is designed according to the type 

of effluents. Since all the steps of anaerobic digestion process occur in the same tank, making 

a proper balance between production and consumption rates of VFAs for various types of 

effluents is difficult. Therefore, making a proper balance has known as a serious disadvantage 

for these types of bioreactors (Yu et al. 2002). Several types of single phase anaerobic 

digestion systems are discussed as follows. 

7.2.1. Continuous stirred tank reactor (CSTR) 

One of the most common single phase anaerobic digestion systems is Continuous stirred tank 

reactor (CSTR). It’s only a single digester which anaerobic digestion takes place in one 

bioreactor. CSTR (Fig. 14) consists of a reactor with input and output streams and mechanical 

or biogas recirculation equipment to ensure of complete and continuous mixing in substrate 

(Gunaseelan, 1997). Most CSTR digesters operate in mesophilic condition but some of them 

operate in thermophilic range. Providing of thermophilic condition due to utilization of heat 

exchanger and require to energy cause to additional costs (Dennis and Burke, 2001). 

Generally in a CSTR system, HRT depends on temperature of process, contents of feedstock 

and continuously activated biomass removal can be varied. In this system HRT can take 10-60 

days with OLR of 0.25-3 kg COD /    per day (Rajeshwari et al. 2000). Also the SRT is 

equal to the HRT and the amount of effluent at the same time is equal to influent substrates. 

Solid retention time (SRT) is one of the most important criteria for the CSTR design. 

Excessive withdrawal of SRT causes a decrease in the bacterial community and possibly the 

process failure. Accordingly, increasing or decreasing of SRT has significant direct influence 

on extent of the reactions (Appels et al. 2008). It is recommended that switching off the 

recirculation or stirrer equipments, half an hour before and after the substrate addition can 

cause to increase in biogas generation. It is due to the increase of biomass retention in reactor 
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(Chen et al. 2008). Generally, the main reasons for mixing equipments installation are close 

contact making between feed sludge and biomass, uniformity of temperature, chemicals and 

substrate concentration. Also prevention of scum layers at the top and settlement of sludge at 

the bottom of the digester (Appels et al. 2008). 

It is also possible a CSTR is supplemented by a sludge separation unit (clarifier) and the 

separated biomass (microorganisms) is circulated again to the process (de Mes et al, 2003). 

These types of bioreactors which are associated with biomass/bacterial community re-

circulation are called anaerobic contact (AC) process. Generally an anaerobic contact process 

is a biological treatment process which uses an anaerobic sludge substrate for removal and 

stabilization of organic components from wastewater. Also association of a degasifier unit to 

the system for gases removal is possible (Schroepfer and Ziemke, 1959). 

 

Fig. 14 Types of digester mixing (a) external, pumped recirculation, (b) internal, mechanical 

mixing, and (c) external, gas recirculation (Appels et al. 2008). 

7.2.2. Up-flow Anaerobic Sludge Blanket (UASB) Reactor 

The Up-flow Anaerobic Sludge Blanket (UASB) Reactor is the other type of high rate single 

phase bioreactors. In the early 1970’s Lettinga and his colleague developed this system on the 

basis of the inherent superior flocculation and settling characteristics which establish a 

favorable chemical and physical condition for sludge flocculation. These features are resulted 

in separation of gas from the sludge solids (Bal and Dhagat, 2001). UASB (Fig. 15) has a set 

of solids, liquids and gases separators which apply for low to high-strength organic 

wastewaters treatment. The substrates enter into the digester from bottom side and flow 

upward through the sludge blanket. Microorganisms are attached to small suspended particles 

or to each other and form an active sludge blanket at the bottom of the reactor. The lack of 
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requirement to the support materials for retention of high density of anaerobic sludge in 

culture is one of the main advantages of the UASB reactors (Elias et al. 1999). 

According to Rajeshwari et al. (2000), such reactors with attached biomass have better 

stability compared to the CSTR. It is strongly recommended that to achieve a successful and 

stable UASB reactor the biomass granulation is vital. In the UASB reactors the HRT could be 

at a wide and different range of 0.5 to 7 days with OLR of 10-30 kg COD/    per day. A 

COD reduction potential of 90% to 99% has also been reported (Rajeshwari et al. 2000). This 

value has been expressed 95% to 97% for cheese whey by Prazeres et al. (2012). Definite 

requirement to the granular seed sludge (Rajeshwari et al. 2000 and Demirel et al. 2005) for a 

faster startup, long start-up period and the possibility of sludge washout during the first stage 

of process are the main considerable drawbacks about UASB reactors (Rajeshwari et al. 

2000). According to Demirel et al. (2005), the UASBs due to their capability to treatment of 

large amounts of wastewaters in a short time are appropriate for wastewater treatment of food 

industries.   

 

Fig. 15 Up-flow anaerobic sludge blanket reactor (UASB) reactor (Rajeshwari et al. 2000). 

7.2.3. Fixed film reactor (FFR) 

The Fixed film reactor (FFR) is one type of high rate bioreactors. Wastewater stream is 

introduced to the FFR (Fig. 16) from up or down of the media. Each bioreactor has biofilm 

support media such as PVC supports, ceramic rings, hard rock particles, activated carbon and 

other configurations (Rajeshwari et al, 2000). Support media apply for biomass 

immobilization microbial wash-out reduction and increasing of the contact between solids and 

biomass (Demirel et al. 2005). The construction and process simplicity, stirrer tools 

elimination, high energy efficiency, lower cost, quick recovery after a malnutrition period and 

high tolerance against organic and toxic shock loads are some of the mentioned advantages 

associated to such systems (Rajeshwari et al. 2000; Duff and Kennedy, 1982).  
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Due to large occupied volume or space by support media, this type of bioreactors must be 

constructed in bigger sizes than the other high rate bioreactors. Additionally, there are several 

limitations and factors which can decrease the performance of the FFRs. Long start-up period 

due to lack of specific inoculums. More control requirement because of more complicated 

process. Clogging and channeling due to lipids entrapment without any degradation. Clogging 

because of high solid suspension and increasing of biofilms thickness through biomass 

attachment (Demirel et al. 2005; Rajeshwari et al. 2000; Jördening and Buchholz). 

The Fixed film reactors can operate at short HRTs; since they are less sensitive to the washout 

(Duff and Kennedy, 1982), but according to the substrates characteristics, the HRTs could be 

vary. The HRT can take place in different ranges from 0.5 to 12 days by loading rate of 1 to 

40 kg COD/    per day (Rajeshwari et al, 2000).  

 

Fig. 16 Fixed film reactor (Rajeshwari et al. 2000). 

7.2.4. Anaerobic fluidized bed reactor (AFBR)  

This type of anaerobic digester consists of a tube as reactor and influents upward introduced 

to the fluidized media particles such as small size sands, plastics (PVC) or activated carbon 

and so on. The main reasons for the application of supporting material are the provision of 

biomass immobilization, retention of biomass in digester and prevention of biomass loss 

(Sowmeyan and Swaminathan, 2008; Borja et al. 2004). This biomass immobilization causes 

an enlargement in the surface area (Sowmeyan and Swaminathan, 2008). An increase in solid 

surfaces area results in the formation and development of biofilms (Perez et al. 1998, 

Sowmeyan and Swaminathan, 2008, Jördening and Buchholz, 2008). Perez et al. (1998) 

discovered that the structures of support media (carriers) had significant influences on 

bioreactor performance. Porous-structure media offer a better surface area for bacterial 
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attachment.  Thereby, the high stability of OLRs should be expected (Demirel et al. 2005). 

Therefore, high OLRs and short HRTs are some of the advantages of this type of bioreactors 

(Sowmeyan and Swaminathan, 2008). Ability to resistance against inhibitory problems, 

eventually cause more stability and achieve to biomass concentration. In an AFBR system 

(Fig. 17) in order to avoid inhibitory problems (high concentration and pH), substrates are 

diluted by applying a loop reactor (recirculation) (Jördening and Buchholz, 2008).  

In this system the HRT is tacking about 0.2 to 5 days with different rates of OLRs from 

1to100 kg COD/    per day (Rajeshwari et al, 2000). The major problems to take into 

account are the cost of supporting material, the complicated process control and long time 

start-up whenever any inoculums or specific inoculums are available (Jördening and 

Buchholz, 2008). 

 

Fig. 17 Anaerobic fluidized bed reactor (Rajeshwari et al. 2000). 

 

7.3. Two-phase digestion bioreactor 

This type of digester is more proper and reliable for highly organic effluents with organic 

suspended solid characteristics such as food and agricultural (Demirel et al. 2005). In a two-

phase anaerobic digestion system (Fig. 18), two separate serial vessels (reactor) are applied 

with the same or different characteristics and features.  

The first chamber is used for hydrolysis (liquefaction) and acidification of influent; then the 

acidified substrate is transferred to the second tank to accomplish acetogenesis and 

methanogenic activities (Fox and Pohland 1994, Gunaseelan, 1997). The Provision of a 
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balance between acidogenic and methanogenic microorganisms is crucial (Yu and Fang, 

2003). Since a high performance methanogenic phase in dairy wastewater treatments is 

extremely dependent on acid phase, a successful acidogenic stage and provision of suitable 

substrate is vital (Demirel et al. 2005). In this regard with the spatial separation of 

hydrolysis/acidogenic phases/reactor from acetogenic/methanogenic stages/reactor by two 

individual vessels, the growing rate of acidogenic microorganisms could be controlled and 

optimized. This could be resulted finally in provision of the most suitable substrate for the 

subsequent methane phase (methanogenic) reactor. Additionally, the alkalinity of 

methanogenic phase remains in optimum rate. Thus, a substrate with high methanogenic 

microorganisms will be provided in the second phase (Lettinga, 1995. Rajeshwari et al, 2000).  

The most important mentioned advantages of two-phase systems compared to the single phase 

one are: better condition for provision of hydrolytic-acidogenic and acetogenic-methanogenic 

groups of bacteria, faster start-up, shorter HRT, higher OLR, more COD removal, more 

stability in process and more optimal operation for each reactor. A higher methane yield and 

concentration in two-phase digesters compared to single phase digesters are the other 

considerable advantages of such systems (Gunaseelan, 1997; Ince, 1998; Elias, 1999; 

Shuizhou Ke and Zhou Shi, 2005; Kushwaha et al. 2011; Nasr et al. 2012, Prazeres et al. 

2012).  

There are some drawbacks such as higher investment and cost operation mentioned about 

these systems. It is mentioned that the formation of floated sludge or poor granule by 

suspended acidifying bacteria in methanogenic reactors can extremely reduce the efficiency of 

this step (Elias et al. 1999).  

Regarding bioreactors performance, different types of bioreactors have been investigated by 

researchers. For example Ince (1998) reported that in a two-phase digester which is combined 

of a CSTR as acidogenic phase and an up-flow anaerobic filter as methanogenic phase, the 

obtained HRT is two days with the OLR of 5 kg COD/m
3
 per day. Generally depending on 

fluctuations in components and flow rate of the substrate, inordinate concentration of lipids 

and suspended solids in substrates, high concentration of influents and suitable configuration 

of applied digesters, the HRTs and the OLRs could be vary between several hours to 5 days 

and 0.97 to 9.4 kg COD/m
3
 per day, respectively (Demirel et al. 2005). In addition, produced 

methane in acid phase was negligible. Also, according to Garcia et al. (1991); has been 

established that a two phase anaerobic digestion with methanogenic effluents recirculation is 

more stable than a two-phase one without recirculation.  

Since, the separation of acidogenic and methanogenic causes more control of both phases and 

prevention of inhibitory problems, applying a two-phase anaerobic digester for overcoming 

such problem are recommended (Demirel et al. 2005). It is noteworthy that in 

hydrolysis/acidogenic reactor an insignificant amount of methane with a negligible percentage 

of methane performs (Ince, 1998).   
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Fig. 18 Two-stage digester (Appels et al. 2008). 

7.4. Anaerobic hybrid reactor 

Anaerobic hybrid reactor (Fig. 19) combines two different types of bioreactor. These 

bioreactors are merged in order to a higher performance of wastewater treatment and biogas 

yield. Commonly hybrid digesters consisted of two high rate digesters. Several combinations 

are imaginable for hybrid reactors. For instance an up-flow anaerobic sludge blanket (UASB) 

reactor associated to a down-flow sludge blanket/anaerobic filter reactor or an anaerobic filter 

which stands in the upper part and an up-flow anaerobic sludge blanket (UASB) in the lower 

part of bioreactor. Commonly, the hybrid reactors designed to increase the advantages and 

decreased the limitations of both incorporator bioreactors (Kumar et al. 2007; Büyükkamaci 

and Filibeli, 2002).  

In a hybrid system, the start-up and granulation are accomplished in a shorter time and the 

COD removal performance is more than a high rate single phase bioreactor such as UASB, 

(Kumar et al. 2007). Kumar et al. (2007) also report that the sludge washout in a hybrid 

reactor decreased by 25% in comparison with a UASB bioreactor. In addition, due to phase 

separation in the same bioreactor, the cost of investment and operation are reduced 

(Malaspina et al. 1996 and Prazeres et al. 2012). It is noteworthy, as an important 

disadvantage, the hybrid reactors due to low capacity is suitable for applying in small or 

medium sized dairy factories (Malaspina et al. 1996).   

Hybrid reactors in a stable condition at the HRT of 0.5 day obtain the OLR of 10 kg COD/    

per day and the achieved methane gas yield was equal to 0.64       per kg removed COD. 

While the average methane gas yield is 0.32       per kg removed COD for high rate single 

phase reactors (Büyükkamaci and Filibeli, 2002).  
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Fig. 19 Schematic diagram of anaerobic hybrid reactor (Sunil Cumar et al. 2007). 

According to the reviews, there are several different types of high rate anaerobic digesters. 

They are employed regards to the area of application and characteristics in different scales of 

experimental, pilot and full. Tow phase digesters due to prepare a better environment by 

phase separation for microorganisms and handling a higher volume of substrates seems has 

the most efficiency, especially in the case of cheese whey. Thus, a tow phase anaerobic 

digestion bioreactor should be the best choice in comparison with conventional singles and 

hybrid bioreactors.  
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8. The plant layout at Östersund dairy 

Selection and employment of the most suitable type of bioreactor or high efficient reactor 

(system) is crucial in achieving the highest performance (Liu et al. 2002). As discussed above, 

several factors could affect the biogas yield and the performance of biogas plant.  

One of the most important factors is to have a proper plant layout. In order to obtain a 

successful and complete anaerobic digestion process, provides a proper substrate and 

environment for methanogenic phase is extremely important. Since the methanogenic 

substrate is prepared in the acidogenic stage, the performance of this stage is especially of 

paramount importance. In addition, the alkalinity level control to achieve a higher 

microorganism population in methanogenic phase is vital. As s result this could be resulted in 

higher biogas production (Lettinga, 1995. Rajeshwari et al, 2000). 

Additionally, due to higher efficiency and stability in bioreactors with spatial separated phases 

(especially in comparison with a single phase), a two phase anaerobic digester seems to be the 

best option which has been recommended (Garcia et al. 1991) and applied by expert 

companies (EnviroChemie, 2012). 

8.1. Designing and technology 

The main purpose of this study is to find out a proper solution and procedure in an 

environmental-friendly manner to reduce the emissions by employing biotechnology at 

Östersund dairy. The extracted biogas (as the main product of anaerobic digestion process) 

burn in boilers instead of oil for steam generation. As a result by replacement of biogas with 

WRD-oil the emissions decline. In addition, the elimination of high organic potential 

pollutants by applying this method could be a great contribution to the municipality’s sewage 

treatment system.  

Accordingly, regards to the previous researches, experiments and experiences in different 

scales of anaerobic digestion systems such as lab, pilot and full, has been tried to make the 

best choice. In this regard contacts were made and meeting was held with EnviroChemie 

Company (a German company) who is expert in the field of treatment of different types of 

wastewaters and production of renewable energies.  

The EnviroChemie has installed an economically and environmentally successful anaerobic 

digestion system with energy recovery approach for wastewaters treatment and biogas 

production at the Swedish dairy company Norrmejerier, based in Umeå. This plant is in 

operation from 2005 and supported by EU. The employed wastewater treatment system in the 

Norrmejerier dairy is the EnviroChemie Biomar® ALB (Anaerobic Process with Airlift 

Reactor) system (Fig. 20). Each day up to 2500    of generated cheese whey, whey 

permeate, waste milk and wastewater could be handled and treated by Biomar® ALB plant 

(EnviroChemie, 2012). According to the reports more than two million   of biogas with a 

methane content of %65 to %70 was generated in the year of 2009. This resulted in saving of 

more than 2500    liters of heating oil per year (Mathiasson and Nylander, 2008 and 

EnviroChemie, 2012).  
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The total capital investment was about 90 million kroner include the ultra-filtration facility 

(about 35 million SEK). Of the cited amount 80, 8 and 2 million paid by Norrmejerier dairy, 

the county council and EU respectively. The investment is expected to be amortized within 6 

years (Mathiasson and Nylander, 2008). 

According to the EnviroChemie the generation of biogas from 2009 is increased up to three 

times in comparison with 2005, due to complete accumulation of microorganisms to the 

environment (Weisser, 2012).  

Some of the most important reasons which involved to designation of Biomar® ALB as case 

study are: 

 The same products, byproducts and wastewaters 

 Previous successful experience with this plant 

 The same geographical location 

Biomar® ALB plant is a two-phase anaerobic digester which offers the specifications of two-

phase anaerobic digesters (see 7.3). This type of large-scale reactors can extract biogas 

through anaerobic digestion of organic wastewaters in mesophilic and thermophilic 

conditions. Basically, a Biomar® ALB is a special process for treatment and extraction of 

biogas from different types of dairy effluents such as whey, whey permeate, whey permeate 

concentrate and concentrated wastewater with high organic contaminations. The produced 

bio-sludge (biomass) is removed after separation via a centrifugal separator/clarifier 

(EnviroChemie).  

Of note is the reduction of organic contaminants (COD) up to 90% is guaranteed by this 

company (EnviroChemie).  

The specifications offered by this anaerobic digestion plant are as follows (Enviro-Chemie):  

8.1.1. Application areas 

 Whey and milk processing industries 

  Waste water containing oil 

  Chemical industry 

8.1.2. Technical specifications 

 High performance airlift reactor 

 Internal flow preserve biomass 

 High decomposition rate through intensive but gentle mixing  

 Internal flow preserves biomass  

 Biomass detection system 

 patented separator 

 Intense mass transfer through high turbulence 

 Product quality in accordance with DIN ISO EN 9001 
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8.1.3. Application characteristics 

 Suitable for cleaning complex wastewater (dissolved and insoluble / particulate 

organic matter) 

 Suitable for highly polluted wastewater 

 High solids concentration (organic and inorganic) 

 Alkaline water can be treated 

 High security in the case of inert substances 

 Chemical oxygen demand (COD): 10,000 - 100,000 mg/l 

 Chemical oxygen demand load: 8-20 kg/   day 

 Extremely reliable  

8.2. Sitemap 

The plant (Fig. 20) includes several parts and devices, it consists of a pumping station and a 

sieve, mixing and equalization tank, fat flotation, conditioning tank, two bioreactors, a 

clarifier, post-aeration, fat treatment reactor, bio-filter, steam boiler and flare, heat 

exchangers, a sludge buffer tank, dosing stations for chemicals measurement, heat pumps and 

a condensation trap. 

Fig. 20 Different parts of biogas plant (Biomar® ALB) [Courtesy of EnviroChemie]. 
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8.2.1. Pump station and sieve 

The influent stream flows into the drum sieve for solid removal. All solid types with a 

diameter of 0.8 mm (or greater) are removed by screening; and then the stream flows into a 

mixing and equalization thank. 

8.2.2. Mixing and buffer tank / hydrolysis or pre-acidification chamber 

In a dairy wastewater streams with various degrees of contamination and different 

characteristics such as total suspended solids, pH and temperatures are generated and 

introduced to the system. In the mixing and buffer tank (MBT) these streams are monitored 

and equalized. MBT is a tank where the biological treatment partially takes place. The 

agitator applies for prevention of solid deposition and prevention of the surface scum layers 

(see 7.2.1). The MBT is also a pre-acidified tank that helps to the acidification of effluents, 

the organic matters hydrolysis and production of the organic acids. Östersund dairy is 

equipped with a MBT tank for equalization, prior to discharge the effluent into the public 

sewer system.  

8.2.3. Fat flotation unit 

The wastewater stream after passing through the MBT could flow to the fat flotation unit. A 

Fat flotation unit consists of an open or closed basin where the streams of wastewater are 

aerated with dispersion water systems. The air bubbles flow upward at a pressure of 400 – 600 

Kilo Pascal from the bottom, to attach the air bubbles to the fats. This attachment leads to 

lifting up the solids (mainly lipids) to the surface. The accumulation of solids matters on the 

surface of substrate causes sludge formation. Since the produced sludge is rich in proteins and 

fats and due to prevention of inhibitory effects of these compounds on anaerobic digestion 

process, it is strongly recommended that the sludge is removed by a scraper. The collected 

sludge is pumped into the fat treatment tank for more treatment. The excess sludge is 

transferred to the sludge buffer tank for disposal into the municipal sewer net. 

8.2.4. Conditioning tank 

After fat removal in floatation unit, the wastewater flows into the conditioning tank. In this 

unit the amount of pH is monitored, and if it was necessary the supplements would be added 

to the tank for pH adjustment. Additionally, this tank could be applied for injecting of 

required amounts (If necessary) of heavy metals, light metal ions and nutrients for 

performance enhancement of microorganisms and essential enzymes in anaerobic digestion 

process. 

8.2.5. Two Biomar® bioreactors  

Two bioreactors with CSTRs characteristics which first one as the hydrolysis/acidogenic and 

the second one as the acetogenic/methaogenic reactor are operated parallel to each other. 

Since separated sludge (biomass) returns to the methnogenic tank for reusing existing bacteria 

in biomass, it could be even called an anaerobic contact process.  
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After screening by sieve, the substrate (permeate) is pumped into the first reactor 

(acidification), where it is acidified. Inside the first reactor an agitator is installed for mixing 

up the culture. The temperature of the substrate inside the hydrolysis/acidogenic reactor is 

22 C to 25˚C and the acidified culture leaves the first reactor from the bottom side. During the 

acidification of substrate a small amount of biogas is produced. Since the values of methane 

in the produced biogas is negligible and exist of nitrogen and oxygen in the mixture, 

utilization of this mixture is not possible. Hence, the produced biogas in 

hydrolysis/acidogenic vessel is transferred to the bio-filter for using by microorganisms. 

Before introducing of acidified substrate to second reactor, it has passed through a heat 

exchanger for proper temperature achievement. Subsequently, the substrate is introduced to 

the methane production reactor from top of the reactor after passing through of heat 

exchanger.   

Two baffles inside the methane reactor facilitate the circulation and mixing of influent. This 

could be resulted in overflow prevention and achieve to better efficiency. The agitators mix 

culture inside of the reactor. The main agitators install in the center of methanogenic reactor, 

in order to homogenize and direct of substrate through the baffles upward and downward. 

Additionally, two smaller mixers are placed at the bottom to help the complementary 

circulation. In following, the substrate flows to the top of the reactor and this circulation 

continues. During the substrate circulation, biogas production by anaerobic digestion of 

organic compounds takes place in the reactor. Mixture of produced biogas and treated 

substrate move to the top of the reactor where a degasifier or degasser separates biogas from 

treated effluent. Several sampling ports are installed on the reactor wall. The proper 

temperature and pH level of acidified substrate at the second reactor to achieve the maximum 

efficiency are a range between 35˚C to 37˚C and 7 to 7.2 respectively (Ghaly, 1996, Ince, 

1998, Mes et al. 2003and Weisser, 2012). 

8.2.6. Valves  

There are some valves on the exterior body of each tank, in order to easily access the inside 

substrate whenever is needed. 

8.2.7. Centrifugal separator (Clarifier) 

Effluent, after passing from biogas production tank, flows into a clarifier. A clarifier can 

separate the existing biomass from effluent of methane chamber via sedimentation and return 

it to the methane reactor to reuse and maintain the bacterial community population. Then, the 

separated effluent is sent to the heat exchanger. 

8.2.8. Fat treatment 

Since lipids are the organic matters which are hardly decomposed, their hydraulic retention 

time (HRT) is much higher than the carbohydrates, the collected fat in the fat floatation unit is 

pumped into the fat treatment unit for extra treatment (anaerobic digestion). 
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8.2.9. Heat exchanger 

Generally heat exchangers are emploied for the heat transfer from one medium to another 

without mixing. In the biogas plant the heat exchanger is situated between the first and the 

second reactors. Medium from the hydrolysis/acidogenic tank flows to the heat exchanger 

while the temperature of acidified substrate is 22 . Additionally, the hot effluent from 

clarifier leads to the heat exchanger before getting discharged into the sewage network. The 

optimum temperature for this stream is 37   (Mes et al. 2003and Weisser, 2012). 

Accordingly, when streams with different temperatures meet each other (no mixing) in the 

heat exchanger, the heat exchanging takes place. Thus, temperature of acidified substrate after 

leaving the heat exchanger is about 30 . To increase the temperature of methane reactor to 

37 , the steam stream that produced by boilers is applied. 

8.2.10. Biological air filter 

Biological air filter is an effective and cheap biotechnology in air filtration, to remove the 

pollutions and organic volatile compounds from exhausted air by different industries such as 

food, beverage and animal products. On the other word existing microorganisms and/ or 

fungus in the mulch decompose odorous compounds thus, gases become odorless. The 

capability of biofilters strongly depends on applied bacterial consortium and adherent of them 

to each other, biomass or sludge volumes and environmental conditions which may affect the 

microorganism activities (Acuna et al. 1998).  

In the biogas plant, the emitted odor from sieve, hydrolysis/acidogenic tank, clarifier and the 

other odor production units (if available) is captured and transferred to the biofilter. The flow 

of air or odor is passed through the biofilm or bed (generally mulch). Accordingly, the organic 

volatile compounds are decomposed by microorganism. As a consequence, the malodor gases 

become odorless.  

8.2.11. Aeration unit 

Since the exited effluent from methane thank can contain of anaerobes, it has to be aerated 

before discharge into municipal sewage grid. The aeration causes to stop the activities of 

anaerobes microorganisms in sewage net and elimination of the risk of explosion.  

8.2.12. pH adjustment / neutralization solutions reservoir 

As was mentioned before, whey and/or whey permeate tend to acidify rapidly and the pH 

adjustment is crucial. Hence, a container must be installed to save the required Sodium 

hydroxide (NaOH) or Calcium carbonate (Ca   ) or any other supplement. 

8.2.13. COD, EC and thermal detectors 

The volume of generated biogas (as mentioned in literature) strongly depends on several 

factors such as COD, pH, temperature etc. Also it is vital to retaining the whole process in a 

steady state in bioreactors. Hence, it is absolutely necessary to monitor and control of COD, 

pH, fatty acids and temperature by COD sensors, EC-detector system and kit laboratory 
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solutions. In addition, it is strongly recommended by EnviroChemie to monitor and control of 

ammonium, nitrate, total nitrogen and phosphate.  

8.2.14. Steam boiler 

The hot water and water vapor used in the dairy for processing of raw materials is produced 

by boilers driven by the digester biogas. 

8.2.15. Biogas flare 

Whenever any problem happen that makes the utilization, storage and transfer of produced 

biogas impossible, the flare is employed to burn the biogas instead of releasing it to the 

atmosphere.  

8.3. Biogas upgrading  

The produced biogas from anaerobic digestion process mainly contains valuable methane gas 

(53-70%), carbon dioxide (30-50%) and a fraction of water vapor. There is possibility to use 

the produced biogas instead of production without upgrading or any further treatment (Fig. 

22). Enlargement of biogas heating value, the standardization of biogas quality and meeting 

the requirements of gas devices and units such as boilers, CHPs, fuel cells, vehicles are the 

main reasons for biogas upgrading. Therefore, for enrichment or a higher performance of fuel, 

C 2 and     removal are needed. In order to do this, there are several methods including 

absorption, cryogenic separation and membrane separation for     removal. Among these 

methods the absorption, due to less capital investment and operational costs is known as the 

most common method. The refrigeration is the most accepted technique for water removal 

(Appels et al. 2008).  

8.4. Feedstock characteristics  

Cheese whey could be filtered or deproteinized by the ultra filtration unit before introducing 

to the anaerobic digestion plant (see 3.1.3). The whey permeate contains 95% to 95.5% of 

water and 4.5% to 5% of lactose. Accordingly, lactose is known as the only carbon source in 

feedstock. According to Spachos and Stamatis (2011), 90% to 95% of existing carbon in 

influent could be converted into biogas whereas 5% to 10% go to treated effluent and excess 

sludge. Carbon mass balance in anaerobic digestion of organic matters is shown in Fig. 21. 

Annually about 62,500,000 liters of cheese whey is produced as the byproduct at Östersund 

dairy of which about 20% currently is used for producing messmör and  the rest is 

deproteinized by ultra filtration unit and converted to permeate. In addition, about 42 and 

283.5 million liters of waste milk and waste water respectively are yearly discharge into the 

municipal sewage system.  
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Fig. 21 Mass balance of carbon in anaerobic digestion of organic matters (Spachos and 

Stamatis, 2011) 

8.5. Start-up period and procedure 

The start-up period is the required time for starting of the anaerobic digestion process in a 

digester. It is proven that an improper start-up in an anaerobic digestion process or system can 

cause to an inefficient organic matter removal, long time acclimation and performance 

decreasing. Thus, obtain to a well developed bacterial population in start-up period is crucial 

(Liu et al. 2002). According to Liu et al. (2002); the stable development of a microbial 

population takes about 71days. The start-up period extremely depends on factors such as type 

and dimension of bioreactor (Garcia et al. 1991, Liu et al. 2002), growth pH, types of 

substrate, temperature, source of seed sludge and initial OLR (Liu et al. 2002).  

A biogas plant with the same substrate, characteristics and procedure operate at UMEÅ. Very 

well and fully acclimated substrate (bacterial community) with microorganisms and 

environment and the availability of these proper inoculums for utilization in the start-up 

period can make a great opportunity to achieve a fast, successful and efficient start-up. 

8.6. Biogas utilisation 

There are several pathways for biogas utilization. These are heat and/or steam production, 

electricity generation/co-generation and fuel production for vehicles. There is also a 

possibility for the injection of upgraded biogas into the gas network. Fig. 22 displays different 

ways of biogas utilization. 
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Fig. 22 the application of biogas and upgrading (Appels et al. 2008) 
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9. Biogas production 

This section is initially attempts to calculate the amounts of produced biogas by applying the 

anaerobic digestion process according to the available substrates. Then, the amount of 

generated bioenergy – according to the lower heating values of biogas - from anaerobic 

digestion process is determined (Table 2). The comparison of produced energy through 

combustion of biogas and WRD-oil can specify the difference between their heating values 

them at the Östersund dairy. 

Bellow, the quantities of emissions (mainly carbon dioxide), that would result from the 

combustion of biogas and WRD-oil are calculated. The comparison of the calculated emission 

from combustion of biogas and WRD-oil can determine the possibility of emission reduction 

due to replacement of carbohydrate (biogas) with a hydrocarbon energy source (WRD-oil).  

Several methods have been proposed and applied for biogas yield calculation. One developed 

method for calculation of produced biogas is that according to the Buswell's formula, when 

the organic matters break down into methane and carbon dioxide (see equations 1 and 2). 

According to this formula ethane and carbon dioxide are the products of this reaction. In the 

case of lactose when COD is originated from lactose, the produced biogas is 0.849 liters for 

each gram of decomposed lactose (see 4.1).  

The other theory which has been frequently considered in the studies of biogas yield potential 

estimation is based on conversion of COD (  /kg COD added) or volatile solids (  /kg VS 

added). According to this theory, for each kilogram of consumed COD, 0.35    of methane is 

produced at STP condition (Angelidaki and Ellegaard, 2003, Borja et al. 2004, de la Rubia et 

al., 2006, Khanal, 2008 and Nasr et al., 2012). In other words, 350 liters of methane is 

produced, when each kilogram of COD is consumed by microorganisms at standard 

conditions or 350 L     per each kg of removed COD (Harada et al. 1996; Borja et al.1998; 

Rodgers et al. 2004 and Rincón et al. 2010).  

It should also be mentioned that generally most of the experiments in a range of laboratories, 

pilot and full scales could be obtained to the relatively similar or very close methane yield 

(Demirel et al. 2005). Additionally, this method has been used as a method to the GHGs 

emission assessment (Batstone, 2006). The methane yield obtained by Rodgers et al. (2004) 

in a laboratory scale anaerobic digestion of cheese whey was 333.4 L     per each kilogram 

of removed COD. In another laboratory-scale study, the methane’s yield was in a range 

between 0.30 to 0.34 liters     per each kg of COD removed (Demirel et al. 2005). In 

addition, this formula is also strongly recommended by Enviro-Chemie Co. expert with 

several years of experience and practice in this filed. Accordingly and with regards to the 

volume and characteristic of produced substrates at Arla dairy, the value of produced biogas is 

determined. 

9.1. Methane yield 

Östersund dairy generates around 62,500,000 liters of cheeses whey but 20% of this 

byproduct is utilized for manufacturing of Messmör. The remained cheese whey is then 

deproteinized by ultra-filtration unit for manufacturing of WPC 80.  The remained yellowish 

liquid is whey permeate (50,000,000 liters/year) along with the 42,000,000 liters/year of 
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waste milk and 283,500,000 liters/year of waste water which is generated from cleaning of 

milk processing equipment, make a proper substrate for biogas production. Table 2 displays 

the amounts and characteristics of cheese whey, whey permeate, waste milk and waste water 

resulted from production in Östersund dairy (Åström, 2011). Table 3 demonstrates the 

compositions and parameters of biogas resulted from anaerobic digestion process (Appels et 

al. 2008). 

Table 2 The amounts and characteristics of substrates 

product Amounts 

liter/year 

Density 

Kg/liter 

Amounts 

kg 

Total 

Solids 

% 

Volatile 

Solids of 

TS % 

Total 

COD 

kg 

Cheese 

whey 

62.500.000 1.026 64,125,000 5.5 95 3,350,531 

Whey 

permeate 

50,000,000 1.025 51,250,000 5.0 95 2,434,375 

Waste 

milk 

42,000,000 1.007 42,294,000 2.0 95 803,586 

Waste 

water 

283,500,000 1.01 286,335,000 0.2 95 544,036 

 

Table 3 compositions and parameters of biogas (Appels et al. 2008). 

 

Parameter Unit Digestion biogas 

Lower heating value MJ/    23 

 KWh//    6.5 

 MJ/kg 20.2 

Density Kg/    1.2 

Methane number  >135 

Methane (and variation) Vol% 63(53-70) 

Higher hydrocarbons vol% 0 

Hydrogen vol% 0 

Carbon monoxide vol% 0 

Carbon dioxide (and variation) vol% 47(30-50) 

Nitrogen (and variation) vol% 0.2 (-) 

Oxygen (and variation) vol% 0 (0) 

Hydrogen sulphide (and variation) ppm <1000 (0-    ) 

Ammonia ppm <100 

Total chlorine (as    ) mg/    0-5 

 

Since each kilogram of COD produces 0.35    of methane at STP, the determination of 

produced COD is essential.  

9.1.1 Methane generated from whey permeates 

To calculate the amount of produced COD, initially the amounts of substrates (i.e. whey 

permeate, waste milk and waste water) should be converted into kilogram. To this purpose the 
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density of each substrate which separately is determined by Östersund dairy multiplied in 

volume of each substrate (Åström, 2011).  

50,000,000 × 1.025 = 51,250,000 kg/year permeate 

The content of total solid is 5.0% of the produced permeate, of which 95% is the volatile solid 

(Åström, 2011); therefore: 

Total solid of permeate = 51,250,000 × 5.0% = 2,562,500 kg/year TS 

Volatile solid of permeate = 2,306,250 × 95% = 2,434,375 kg/year VS of TS 

Volatile solid or                      = 2,434,375 kg/year 

The efficiency of Biomar® ALB in converting the produced COD into biogas is guaranteed 

up to 90%. On the other word the guaranteed capability of plant to remove the COD by 

Biomar® ALB is 90%. Hence: 

COD converted into biogas per year = 2,434,375 × 90% = 2,190,937.5 kg/year  

COD converted into biogas per day = 2,190,937.5 ÷ 365 = 6,002.5 kg/day 

As each kg of consumed COD generates 0.35   methane, methane generated from permeate 

will be:     0.35 × 6,002.5 = 2,100.89   /day 

                              ~ 2,100   /day 

9.1.2 Methane generated from waste milk 

42,000,000 × 1.007 = 42,294,000 kg/year waste milk 

The amount of total solid is 2.0% of the produced waste milk, of which 95% is the volatile 

solid (Åström, 2011); therefore: 

Total solid of waste milk = 42,294,000 × 2% = 845,880 kg/year TS 

Volatile solid of waste milk = 845,880 × 95% = 803,586 kg/year VS of TS 

Volatile solids or                             = 803,586 kg/year 

The efficiency of Biomar® ALB in converting the produced COD into biogas is guaranteed 

up to 90%. On the other word the guaranteed capability of plant to remove the COD by 

Biomar® ALB is 90%. Hence: 

COD converted into biogas per year = 803,586 × 90% = 723,227.4 kg/year  

COD converted into biogas from per day = 723,227.4 ÷ 365 = 1981.4 kg/day               

Volatile solid or                        = 1,981.4 kg/day 

As each kg of consumed COD generates 0.35   methane, methane generated from permeate 

will be: 
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0.35 × 1981.4 = 693.5    

               ~ 694   /day 

 

9.1.3 Methane generated from wastewater 

283,500,000 × 1.01 = 286,335,000 kg/year 

The amount of total solid is 0.2% of the produced waste water, of which 95% is the volatile 

solid (Åström, 2011); therefore: 

Total solid of waste water 286,335,000 × 0.2% = 572,670 kg/year TS 

Volatile solids of waste water = 572,670 × 95% = 544,036.5 kg/year VS of TS 

The efficiency of Biomar® ALB in converting the produced COD into biogas is guaranteed 

up to 90%. On the other word the guaranteed capability of plant to remove the COD by 

Biomar® ALB is 90%. Hence: 

544,036.5 × 90% = 489,632.8 kg/year                

489,632.85 ÷ 365 = 1,341.4 kg/day                

Volatile solid or                         = 1,341.4 kg/day 

As each kg of consumed COD generates 0.35   methane, methane generated from permeate 

will be: 

0.35 × 1341.4 = 469.5   /day 

                ~ 470   /day 

 

9.1.4 Total generation and emission 

Total     =              +                +                  

Total     = 2,100 + 694 + 470  

Total     =3,264   /day  

Total     = 1,191,360   /year 

Of note that produced methane from anaerobic digestion process comes with carbon dioxide. 

According to Appels et al. (2008) the originated biogas from anaerobic digestion process 

contains of averagely 65% methane and 35% carbon dioxide. Hence, 3,264   /day 

    comes with 1,757.5   /day of   . Therefore, the generated biogas from anaerobic 

digestion would be: 

Total biogas generated = Total      + Total     5,021.5   /day 



 

59 
 

 

Total biogas generation = 1,832,861.5   /year 

Total     generation = 5,021.5 – 3,264  

Total     generation = 1,757.5   /day 

Total     generation = 641,487.5   /year 

Since the lower heating value of biogas is 6.5 KWh//    (see table. 3), the total thermal 

energy content of biogas is: 

5,021.5 × 6.5 = 32,639.75 KWh/day 

The total energy content of biogas ~ 32,640 KWh/day 

The total energy content of biogas = 11,913,508.75 KWh/year or 11,913.5 MWh/year 

On this basis, the total produced biogas, methane; carbon dioxide and energy content of 

biogas are 5,021.5   /day, 3,264   /day, 1,757.5   /day and 32,630 KWh/day, 

respectively.  

9.2 Emissions from biogas combustion 

According to the equation (3), the combustion of one mole methane (as the combustible 

component of biogas) leads to production of one mole carbon dioxide. The molecular weight 

computing of this transformation indicates that the complete combustion of one kg methane 

cause to production of 2.75 kg carbon dioxide (Cuellar and Webber, 2008). Therefore, to 

determine of produced carbon dioxide resulted from the combustion of biogas and to compare 

with emission from the burning of WRD-oil, the calculation of produced carbon dioxide from 

biogas is crucial.   

               +     →     + 2                                                   (Eq. 3) 

To determine the emissions from burning of biogas with a typical composition of 60–70% 

methane and 30–40% carbon dioxide, the method of Murphy et al is considered (Cuellar and 

Webber, 2008). According to this equation, the total emitted carbon dioxide from the 

complete combustion of one cubic meter of biogas is the sum of produced carbon dioxide 

from burning of methane and the carbon dioxide content in the biogas composition. At the 

standard conditions, methane has a density of ρCH4 = 0.65 and carbon dioxide has a density 

of ρCO2 = 1.80 kg   . The total volume of produced carbon dioxide from complete 

combustion of one cubic meter of biogas could be determined by equation (4) (Cuellar and 

Webber, 2008). 

Kg          = 1          (     × ρCH4 × 2.75 + ρ    (1-     )).                   (Eq.4)  

In this equation        is the quantity of methane in composition of biogas (in percentage). 

Based on calculations, the produced biogas is 5021.5   /day. The methane content in biogas 

composition according to Appels et al. (2008) and Weisser (2012), 65% is considered.  
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Kg           = 1          (     × ρCH4 × 2.75 + ρ    (1         )) 

Kg           = 5021.5 × (0.65 × 0.65 × 2.75 + 1.80 (1- 0.65) 

Kg           = 8,997.9 kg/day 

Total     emission = 3,284,233.6 kg/year 

9.3 The total current energy consumption and emissions by Östersund 

dairy 

According to the calculations based on Milko’s environmental report (2009), the total energy 

consumption and emissions into the atmosphere were about: 

Total energy consumption = kWh/ton product × products  

Total energy consumption = 2584 × 14,820 

Total energy consumption = 38,294,880 kWh/year 

Total     emitted to air (kg) =     emitted (kg/ton product) × products (ton/year) 

Total     emitted to air = 272 × 14,820  

Total     emitted into air = 4,031,040 kg 

Total     emitted to air (kg) =     emitted (kg/ton product) × products (ton) 

Total      emitted to air = 0.29 × 14,820 

Total      emitted to air = 4297.8 kg 

According to the calculations, the total     and     emitted into air were 4,031,040 kg and 

4297.8 kg in 2009, respectively. 

Since 1   of WRD-oil produces 10.35 MWh energy, the potential of energy generation by 

produced biogas (11,913.5 MWh/year) is equal to generated energy by combustion of 1,150.7 

   WRD-oil. On the other word it is equal to utilization of 1,150,700 liter/year of WRD-oil. 

The ignition of this value of WRD-oil causes to emission of 3,797,310 and 4,027.5 kg/year of  

    and    respectively. 

Notice: 

The calculation of emissions from dairy has been based on: 

1    WRD-oil produces 10.35 MWh of energy and generates a discharge of 3.3 tons of     

and 0.0035 tons of    (Milko’s environmental report, 2009). 
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10. Discussion 

Nowadays increase in public awareness about climate change and its direct influence on 

planet earth has made a strong interest in reducing the GHGs emission in Sweden. The total 

emission in Jämtland province was around 970,000 tons in 2007. According to the planned 

environmental targets in Jämtland province, by 2020 GHG emissions should be reduced by 

50% per person in comparison with 1990. In addition, with regards to the Regional 

Development Strategy (2009), the possibility of producing different types of renewable 

energies has been considered (see section 1).  

Most of the food industries such as the dairy industry are extremely encountered with the 

organic wastes management issues. Since most of wastes and/or byproducts of dairy 

industries contain of considerable amounts of organic substances, they are considered as the 

highly potential pollutant wastes. For processing and manufacturing of products at the 

Östersund dairy a huge amount of energy is consumed each year. This energy consumption 

due to WRD-oil utilization causes emissions of a considerable amount of GHGs (see 2.4). The 

total emissions were about 4,030 and 4.3 tons for     and     in 2009, (see 9.3). In addition, 

tens of million tons of cheese whey, waste milk and wastewater are produced and discharge 

into sewage network for treatment by dairy every year. 

Employment of a proper biotechnological method like anaerobic digestion, in addition to 

reducing the organic wastes can lead to the generation of clean energy. Thus, the available 

organic matters in wastes or effluents are transformed into biogas and as a result COD and 

BOD values are dramatically reduced. The produced biogas applies for heat (steam) and 

electricity generation.  

The main products of Östersund dairy are different types of cheese, fat, powder and mesvaror. 

Cheese whey and waste milk are the main dominant waste of dairy (see 2.2). Cheese whey, 

due to high concentration of organic substances such as lactose, protein and insignificant 

amounts of minerals is considered as a complex and high pollutant potential wastewater. 

Cheese whey with high tendency to get drastic acidification, must be treated as soon as 

possible after production (see 3.1.2). After the whey processing, the collected cheese whey 

meets the ultra filtration unit. Permeate or deproteinated cheese whey is the product of this 

unit. Despite the protein recovery from cheese whey, permeate still remains as a high organic 

pollution potential wastewater. However, due to the existence of mainly lactose, permeate has 

been considered as a significant source of energy (see 3.1.3). At the moment the generated 

effluent flows to the Göviken wastewater treatment plant. There is a biogas production facility 

at Östersund wastewater treatment plant which generates (Göviken) around 960,000     of 

biogas per year. The major portion of the generated biogas is consumed by vehicles as an 

environmental friendly fuel. The excess is burned in the CHP plant (see 2.3). 

Lactose (4.8%), protein (3.4%), lipid (3.9%) and minerals (0.8%) are the main solid 

components of raw milk (see 4). Lactose is responsible for more than 90% of      of cheese 

whey. Anaerobes through the anaerobic digestion process break down lactose molecules into 

methane and carbon dioxide molecules. A perfect decompose of one gram lactose results in 

the production of 0.849 liter biogas (see 4.1).  
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Casein is the major protein of raw milk and cheese whey. Due to inhibitory effects of casein 

on anaerobic digestion rate, a pre-acclimation to the casein is crucial. Additionally, because of 

suppressive features of carbohydrate on protein, protein removal is essential (see 4.2).  

Lipid is the hardest biodegradable component of dairy effluents and derivatives. It is known 

as the most important potential inhibitory compounds of dairy byproducts and wastewaters in 

anaerobic digestion process. Lipids can result in operational problems due to clogging. In 

addition, adhesions of lipids can cause biomass flotation on the surface and as a result, the 

loss of activate biomass due to washout. Accordingly, reduction of fat concentration to less 

than 100 mg/l is strongly recommended (see 4.3). 

However, the effluents of dairies due to high organic substances are taken into account as 

highly potential pollutants. However it’s possible to generate energy by employment of a 

proper biotechnological method like anaerobic digestion process, in addition to treatment of 

effluent. 

Anaerobic digestion process could be accomplished in three different temperatures. These 

could be psychrophilic (0-20 ), the mesophilic range (20-42°C) and the thermophilic range 

(42-75°C) [see 6.3].  

Anaerobic digestion takes place in four different consecutive stages. The first step is 

hydrolysis in which complex insoluble organic substances are hydrolyzed into soluble 

materials (see 5.2.1).  

Acidogenesis is the second stage of anaerobic digestion process. Volatile fatty acids (mainly 

acetate), alcohols, molecular hydrogen and carbon dioxide are the major products of this 

stage. Acetate,   and     can be transformed directly by methanogenic bacteria into methane 

and carbon dioxide. An insignificant value of biogas with a negligible percentage of methane 

during the hydrolysis/acidogenesis steps produce (see 5.2.2). 

Acetogenesis is the third phase of anaerobic digestion process. In this step, undigested 

products from acidogenesis step convert into acetate, carbon dioxide and molecular hydrogen. 

Acetic acid, propionic acid and butyric acid are the main products of this step. This stage 

could be largely affected by pH variations, particularly by pH reduction (see 5.2.3). 

Methanogenesis is the final step where the products of acetogenesis phase (mainly acetic acid) 

convert into methane and carbon dioxide. Two different types of methanogenic bacteria with 

different portion of production are responsible of this conversion. The control of VFAs 

production due to toxic effects of high dosages of VFAs is necessary (see 5.2.4). 

There are several parameters that can dramatically influence the anaerobic digestion process. 

These parameters include pH, alkalinity, temperature, HRT, SRT, heavy metals, ORL, 

ammonia, light metal ions and detergents. Control of these parameters to achieve a perfect 

and success full process is crucial. The lack of control over these parameters can result in 

yield decline, and in more intensive degrees can lead to a process failure (see 6). 

 In order to provide a suitable condition and environment to perform a proper substrate for 

growing of bacterial communities and eventually to achieve a successful process, selection of 

the best bioreactor is fundamental. Generally bioreactors can be divided into three major 
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groups. They include single-phase anaerobic digesters, two-phase digesters and hybrid 

digesters. All of these bioreactors are designed in order to establish the best condition for the 

anaerobic digestion process. Additionally, bioreactors apply to prepare the best environment 

for accommodating microorganisms however; they are various in details and performance 

(see 7).  

According to the type and features of effluents, several different types of single-phase 

bioreactors with different details and characteristics like Continuous Stirred Tank Reactor (see 

7.2.1); Up-flow Anaerobic Sludge Blanket (see 7.2.2), Fixed Film Reactor (see 7.2.3) and 

Anaerobic Fluidized Bed Reactor (see 7.2.4) are designed.  

Making a proper balance during the anaerobic digestion process is the most problematic issue 

for the researchers and experts who work with such systems. Hence, digesters with phase 

separation have been considered as the best solution. A two phase anaerobic digester consists 

of two tanks with same or different specifications that could be different depending on type 

and volume of substrate. The first container is used for hydrolysis/acidogenesis phase while 

the second applies for acetogenesis/methanogenesis phase. These types of bioreactors provide 

a proper balance between two reactors and supply a pleasant environment for each group of 

bacteria. Thus, in spite of requirement to a higher investment and cost operation in 

comparison with single phase, employment of two phase digesters is frequently recommended 

by experts (see 7.3). 

Anaerobic hybrid reactors are designed by combination of two single phase bioreactor in a 

digester. This unification is formed to reduce the drawbacks and develop the benefits of both 

single phase digesters (see 7.4). 

With respect to the presented information about different main bioreactors in the literature and 

their comparison, it seems that a hybrid digester is the more appropriate choice compared to 

the two phase digesters and conditional single phases. While due to phase separation in two 

phase digesters and their higher capacity in comparison with hybrid digesters, a two phase 

digester is the best choice. In addition, the employment of two phase anaerobic digesters for 

generating of biogas from cheese whey and treating this byproduct is strongly recommended 

by researchers and experts (see 7). 

To select of the most efficient anaerobic digestion plant with the highest possible biogas yield 

and potential pollutant removal, careful consideration of some essential parameters is needed.  

Deep knowledge in anaerobic digestion process, awareness and accessibility to latest bio-

technologies and enough experience to solve the unpredictable problems are some of these 

vital requirements. Additionally, the combining art of these parameters to achieve a successful 

start up and process is especially of paramount importance. 

Thus, a Biomar® ALB digester, a product from EnviroChemie Company selected as case 

study. This is due to including of all above mentioned parameters in EnviroChemie and more 

important implementation of the same successful project at Umeå by this company at 2005 

(see 8.1). 

With regards to the generated effluents by Östersund dairy, there are three types of substrates 

for biogas production. Cheese whey, waste milk and waste water are the main substrates for 
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the biogas production. The generated cheese whey by ultra-filtration unit is deproteinized and 

the whey permeate is manufactured. The generated permeate; waste water and waste milk 

constitute the main substrates for producing of biogas. 

The approximate value of generated substrates by dairy is around 50 million liters, 42.5 

million litres, and 283.5 million litres per year of permeate, waste milk and waste water 

respectively in 2011 (see Table 2).   

Accomplished calculations determined that the employment of these amounts of substrates 

can generate about 5021.5   /day or 1,832,861.5   /year of biogas. This amount includes 

3264   /day or 1,191,360   /year of methane and 1,757.5   /day or 641,487.5   /year of 

carbon dioxide. The total energy content of produced biogas is about 32,639.75 KWh/day or 

11,913,508.75 KWh/year (see 9.1.4). 

The total carbon dioxide emitted from the complete combustion of one cubic meter of biogas 

is the sum of produced carbon dioxide from burning of methane and the existing carbon 

dioxide content in the biogas composition. Thus, the Eq.4 is applied to determine the 

produced carbon dioxide by combustion of biogas (see 9.2). Accordingly, the total emission 

of     is around 9 tons/day or 3,285 tons/year. 

In addition and according to the Milko’s environmental report (2009), the total consumed 

energy for processing and manufacturing the products was 38,294,880 kWh/ year. This 

consumption leads to emissions of 4,030 tons and 4.3 tons of     and     into the 

atmosphere, respectively (see 9.3).  

Base on the carried out calculations, the generated energy by combustion of produced biogas 

(11,913.5 MWh/year) is equal to the generated energy from the combustion of 1,150,700 liter 

of WRD-oil. The combustion of this amount WRD-oil leads to an emission of about 3,800 of 

    and 4 tons/year of     (see 9.3).  
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11. Conclusions and recommendations 

11.1 Conclusions  

The main goal of this dissertation was to survey and study the possibility of the emissions 

reduction from Östersund dairy by replacement of a sustainable and more environmental 

friendly fuel. Additionally and in parallel, a dramatic reduction of organic potential pollutants 

into the public sewage system is the other considered goal.  

To achieve these aims, the anaerobic digestion process as an effective procedure was studied. 

To this purpose, a comprehensive literature review was conducted on anaerobic digestion 

process and different types of bioreactors were identified and investigated. Additionally, a 

successful example with a number of similarities to dissertation’s case study was selected. On 

this basis, some calculations were carried out in order to determine generated biogas and 

carbon dioxide. 

According to the literature, calculations and conducted research on a case study, the following 

results are achieved: 

 Anaerobic digestion is generally an effective method to reduce the existing potential 

organic contaminants in byproducts (cheese whey) or/and effluent of dairies.  

 

 There are several important parameters which can affect the anaerobic digestion 

process; and anaerobic digestion of cheese whey seriously and ultimately leads to 

failure of the process. Thus, the predomination on different stages of anaerobic 

digestion process is vital. 

 

 

 Among several different types of investigated bioreactors, two-phase digesters, due to 

capability to prepare a better environment for microorganisms, more control on 

different stages of anaerobic digestion process and inhibitory parameters and 

successful experience are the most suitable choices for treatment of dairy effluents. 

 

 According to the conducted calculations, 5021.5   /day (or 1,832,861.5   /year) of 

biogas is generated. The combustion of this amount of biogas leads to generation of 

11,913,508.75 KWh/year and emission of around 9 tons/day or 3,285 kg/year of    . 

 

 The replacement of generated biogas instead of WRD-oil can save of 1,150.7    or 

1,150,700 liter of WRD-oil per year. Eventually, this saving leads to an emission 

reduction of 513 tons/year of     and 4 tons/year of    in comparison with total 

emissions in 2009. 

 

 Employment of this method can dramatically reduce the existing COD in effluents of 

dairy (up to 90%).  
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11.2 Recommendations 

 Since the capital investment plays an important and vital role in the performance and 

establishment of this bio-tech process and waste water treatment plant, economic 

analysis of this anaerobic treatment system of whey is of paramount importance and is 

highly recommended. 

 

 The exergetic analysis of the generation of steam resulted from biogas combustion 

could be considered in future studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

67 
 

References 

Acuna, M.E., Perez, P., Auria, R., Revah, S. (1998). Microbiological and kinetic aspects of a 

biofilter for the removal of toluene from waste gases. Biotechnology and Bioengineering 

Volume 63, Issue 2, Article first published online: 26 MAR 2000 

Alves, M. M., Pereira, R. M. Álvares, Vieira, J. A. Mota and Mota, M. (1997). Effect of lipids 

on biomass development in anaerobic fixed-bed reactors treating a synthetic dairy waste. 

Technologisch Institut, pt. 2, p.521-524. 

Angelidaki, I., Ellegaard, L. (2003). Codigestion of Manure and Organic Wastes in 

Centralized Biogas Plants. Applied Biochemistry and Biotechnology Vol. 109; 95-105 

Appels. L, Baeyens. J, Degre`ve. J, Dewil. R. (2008). Principles and potential of the anaerobic 

digestion of waste-activated sludge. Progress in Energy and Combustion Science, 34, 755–

781 

Balannec, B., Vourch, M., Rabiller-Baudry, M., Chaufer, B. (2005) Comparative study of 

different nanofiltration and reverse osmosis membranes for dairy effluent treatment by dead-

end filtration Separation and Purification Technology 42:195-200 

Ball, A. S., Dhagat, N. N. 2001. Upflow anaerobic sludge blanket reactor-a review. Indian 

Journal of Environmental Health. 43(2):1e82. 

Batstone, D. J. (2006). Mathematical modelling of anaerobic reactors treating domestic 

[Journal] // Reviews in Environmental Science and Bio/Technology. pp. 5, 57–71. 

Borja, R. Banks, C.J., Wang, Z. Mancha, A. (1998). Anaerobic digestion of slaughterhouse 

wastewater using combination sludge blanket and filter arrangement in a single reactor. 

Bioresource Technology, Volume 65; 125-133 

Borja, R., Rincón, B., Raposo, F., Dom´ınguez, J.R., Millán, F., Martin, A. (2004). 

Mesophilic anaerobic digestion in a fluidised-bed reactor of wastewater from the production 

of protein isolates from chickpea flour. Process Biochemistry 39;1913–1921 

Bylund, G. (1995). Dairy processing handbook. [online] Tetra Pak Processing Systems AB. 

Accessed on 12/10/2011 at: www. Dairyprocessing Handbook.com 

Büyükkamaci, N. and Filibeli. A. (2002). Concentrated wastewater treatment studies using an 

anaerobic hybrid reactor. Process Biochemistry 38, 771-775 

Chen, Y., Jiang, S., Yuan, H., Zhou,Q. and Gu, G. (2007). Hydrolysis and acidification of 

waste activated sludge at different pHs. WAT E R RE S E A R C H 41; 683 – 689 

Chen, Y. Cheng, J.J. and Creamer, K. (2008). Inhibition of anaerobic digestion process: A 

review. Bioresource Technology 99; 4044–4064 

Cirnea, D. G., Paloumet, X., Björnsson, L., Alves, M.M. and Mattiasson, B. (2007). 

Anaerobic digestion of lipid-rich waste—Effects of lipid concentration. Renewable Energy 

32, 965–975 



 

68 
 

Cuellar, A. D., Webber, M. E. (2008). Cow power: the energy and emissions benefits of 

converting manure to biogas. Environ. Res. Lett. 3. 034002 (8pp) 

Demirel, B. and Yenigun, O. (2004). Anaerobic acidogenesis of dairy wastewater: the effects 

of variations in hydraulic retention time with no pH control. Journal of Chemical Technology 

and Biotechnology 79:755–760 

Demirel, B. Yenigun, O. and Onay, T. T. (2005). Anaerobic treatment of dairy wastewaters: a 

review. Process Biochemistry 40; 2583–2595 

Dennis, A. and Burke, P.E. (2001). Dairy Waste Anaerobic Digestion Handbook. [online] 

Environmental Energy Company. Accessed on 18/10/2011 at: www.makingenergy.com 

de la Rubia, M.A., Perez, M., Romero, L.I. and Sales, D. (2006). Effect of solids retention 

time (SRT) on pilot scale anaerobic thermophilic sludge digestion. Process Biochemistry 41, 

79–86 

de Mes, T.Z.D., Stams, J.H., Reith, J.H. and Zeeman, G. (2003). Methane production by 

anaerobic Digestion of wastewater and solid wastes. Dutch Biological Hydrogen Foundation 

pp 58-69 

Dereli, R.K., Ersahin, M.E., Ozgun, H., Ozturk, I., Jeison, D., van der Zee, F. and van Lier, 

J.B. (2012). Potentials of anaerobic membrane bioreactors to overcome treatment limitations 

induced by industrial wastewaters. Bioresource Technology 122, 160–170 

Duff, S.J.B. and Kennedy, K.J. (1982). Effect of hydraulic and organic over loading on 

thermophilic down flow stationery fixed film (DSFF) reactor. Biotechnologg Letters. Vol 4 

No 12 815-820  

Ebrahimi, A., Najafpour, G.D., Mohammadi, M. and Hashemiyeh, B. (2010). Biological 

treatment of whey in an UASFF bioreactor following a three-stage RBC. Chem. Ind. Chem. 

Eng. Q. 16 (2), 175e182 

Elias, A., Barona, A., Ormazaba, J., Ibarra, G. and Caamano, J. (1999). Anaerobic treatment 

of acidified and non-acidified substrata in UASB reactors. Journal of Chemical Technology 

and Biotechnology, 74, 949-956 

EnviroChemie. Norrmejerier dairies, Umeå, Sweden. [Online] EnviroChemie. Accessed on 

20/08/2012 at: www. EnviroChemie.com 

Ergüder, T.H., Tezel, U., Güven, E. and Demirer, G.N. (2001). Anaerobic biotransformation 

and methane generation potential of cheese whey in batch and UASB reactors Waste 

Management 21: 643-650 

Fang, H. and Yu, H. (2000). Effect of HRT on mesophilic acidogenesis of dairy wastewater. J 

Environ Eng 126:1145–8. 

Fox, P. and Pohland, F.G. (1994). Anaerobic treatment applications and fundamentals: 

substrate Specificity during phase separation. Water Environment Research, 66, 716-724. 

http://www.makingenergy.com/


 

69 
 

García, P.A., Rico, J.L. and Fdz‐Polanco, F. (1991). Anaerobic treatment of cheese whey in a 

two‐phase UASB reactor. Environmental Technology. Vol. 12. pp 355-362 

Gallert, C., Bauer, S. and Winter, J. (1998). Effect of ammonia on the anaerobic degradation 

of protein by a mesophilic and thermophilic biowaste population. Appl Microbiol Biotechnol. 

50: 495±501 

Gavala, H.N. and Lyberatos, G. (2001). Influence of anaerobic culture acclimation on the 

degradation kinetics of various substrates. Biotechnology and Bioengineering 74:181-195 

Gelegenisa, J., Georgakakisb, D., Angelidakic, I., Mavrisa, V. (2007). Optimization of biogas 

production by co-digesting whey with diluted poultry manure. Renewable Energy 32, 2147–

2160 

Ghaly, AE. (1996). A comparative study of anaerobic digestion of acid cheese whey and dairy 

manure in a two-stage reactor. Biosource Technology, 58: 61-72 

Ghaly, A.E. And Ramkumar, DR. (1999). Controlling the pH of Acid Cheese Whey in a Two-

Stage Anaerobic Digester with sodium Hydroxide. Energy Sources 21: 475-502 

Ghaly, A.E., Ramkumar D.R., Sadaka, S.S., Rochon, J.D. (2000). Effect of reseeding and pH 

control on the performance of the two-stage mesophilic anaerobic digester operating on acid 

cheese whey. Can Agric Eng Vol. 42, No. 4 173–83. 

Gottschalk, G. (1986). Aerobic growth of Escherichia coli on substrates other than glucose. 

In: Bacterial metabolism. New York: Springer-Verlag. pp. 97–103. 

Griffin, M. E., McMahon, K. D., Mackie, R.I. and Raskin, L. (1998). Methanogenic 

population dynamics during start-up of anaerobic digesters treating municipal solid waste and 

biosolids. Biotechnology and Bioengineering VOL. 57, NO. 3, 342-355 

 

Gunaseelan, V.N. (1997). Anaerobic digestion of biomass for methane production: A review. 

Biomass and Bioenergy, 13, 83-114. 

Göblös, Sz., Portörő, P.,  D. Bordas, M. and Kalman, I. Kiss. (2008). Comparison of the 

effectivities of two-phase and single-phase anaerobic sequencing batch reactors during dairy 

wastewater treatment. Renewable Energy. Renewable Energy,  Elsevier 

Hagelberg, M. Mathisen, B. Thyselius, L. Biogaspotential från organiska avfall i Sverige. JTI 

rapport 90. 1988. 

Hansen, T.L., Jansen, J.L.C., Davidsson, Å. and Christensen, T.H. (2007). Effects of pre-

treatment technologies on quantity and quality of source-sorted municipal organic waste for 

biogas recovery. Waste Management 27; 398–405 

Harada, H., Uemura, S., Chen, A.C. and Jayadevan, J. (1996). Anaerobic treatment of a 

recalcitrant distillery wastewater by a thermophilic UASB reactor. Bioresource Technology 

55; 215-221 



 

70 
 

Haridas, A., Suresh, S., Chitra, K. R. and Manilal, V.B. (2005). The Buoyant Filter 

Bioreactor: a high-rate anaerobic reactor for complex wastewater—process dynamics with 

dairy effluent. Water Research 39, 993–1004   

Ince, O. (1998). Performance of a two-phase anaerobic digestion when treating dairy 

wastewater. Wat. Res. Vol. 32, No. 9, pp. 2707±2713 

Jördening, H. J. and Buchholz, K. (2005). 24 Fixed Film Stationary Bed and Fluidized Bed 

Reactors. In: Jördening, H.J. and Winter, J. (eds). Environmental biotechnology. Germany: 

Wiley-VCH. pp. 495-512. 

Kayhanian, M. (1999). Ammonia inhibition in high-solids biogasification:an overview and 

practical solutions. Environ. Technol. 20, 355–365. 

Kalyuzhnyi, S.V., Perez Martinez, E. and Rodriguez Martinez, J. (1997). Anaerobic treatment 

of high-strength cheese-whey wastewaters in laboratory and pilot UASB-reactors. 

Bioresource Technology. Volume 60, Pages 59–65 

Ke, S. and Shi, Z. (2005). Applications of two-phase anaerobic degradation in industrial 

wastewater treatment. Int. J. Environment and Pollution, Vol. 23, No. 1 

Khanal, S. (2008). Anaerobic biotechnology for bioenergy production: principles and 

applications. Wiley-Blackwell. 

Kosikowski, F. V. (1979). Whey utilization and whey products. J. Dairy Sci., 62, 1149-1160. 

Kushwaha. J.P, Srivastava. V.C and Mall. I.D. (2011). An Overview of Various Technologies 

for the Treatment of Dairy Wastewaters. Critical Reviews in Food Science and Nutrition, 

volume 51, 442–452  

Lapp, H. M., Schulte, D. D., Sparling, A. B., Buchanan, L. C. (1975). “Methane Production 

from Animal Wastes. 1. Fundamental Considerations.” Canadian Agricultural Engineering 

17(2): 97-102. 

Lastella, G., Testa, C., Cornacchia, G., Notornicola, M., Voltasio, F. and Shamara, V. K. 

(2000). Anaerobic digestion of semi-solid organic waste: biogas production and its 

purification. Energy Conversion and Management 43, 63-75 

Lee, H., Song, M. and Hwang, s. (2003). Optimizing bioconversion of deproteinated cheese 

whey to mycelia of Ganoderma lucidum. Process Biochemistry 38, 1685-1693 

Leitao, R. C., van Haandel, A. C., Zeeman, G. and Lettinga, G. (2006). The effects of 

operational and environmental variations on anaerobic wastewater treatment systems: A 

review. Bioresource Technology 97, 1105–1118  

Lettinga.G. (1995). Anaerobic digestion and wastewater treatment systems. Antonie van 

Leeuwenhoek  volume 67, 3-28 

Lettinga, G., Rebac, S., Parshina, S., Nozhevnikova, A., Van Lire, J. B. and Stams, A. M. 

(1999). High-rate anaerobic treatment of wastewater at low temperatures. Applied and 

environmental microbiology, Vol. 65, No. 4 p. 1696–1702 



 

71 
 

Lin, JG., Chang, CN. and Chang, SC. (1997). Enhancement of anaerobic digestion  of waste 

activated sludge by alkaline solubilization. Bioresource Technology 62 ;85-90  

Liu, W-T., Chan, O-C. and Fang, H.H.P. (2002). Microbial community dynamics during start-

up of acidogenic anaerobic reactors. Water Research 36;3203–3210 

Lyberatos. G. and Skiadas. I. (1999). Modeling of anaerobic digestion - A review. Department 

of Chemical Engineering, University of Patras. Global Nest: the Int. J. Vol 1, No 2, pp 63-76 

Madsen, M. Holm-Nielsen, J. B. and Esbensen K. H. (2011). Monitoring of anaerobic 

digestion processes: A review perspective. Renewable and Sustainable Energy Reviews 15, 

3141– 3155 

Malaspina. F, Cellamare C. M, Stante. L and Tilche. A. (1996). Anaerobic treatment of 

cheese whey with a down flow-up flow hybrid reactor. Bioresource Technology. 55, 131-139 

MASSEÂ, D. I. and DROSTE, R. L. (2000). Comprehensive model of anaerobic digestion of 

swine manure slurry in a sequencing batch reactor. Wat. Res. Vol. 34, No. 12, pp. 3087-3106,  

Mechichi, T. and Sayadi, S. (2005). Evaluating process imbalance of anaerobic digestion of 

olive mill wastewaters. Process Biochemistry 40, 139–145 

Milán, Z., Montalvo, S., Ilangovan, K., Monroy, O., Chamy, R., Weiland, P., Sánchez, E. and 

Borja, R. (2010a). The impact of ammonia nitrogen concentration and zeolite addition on the 

specific methanogenic activity of granular and flocculent anaerobic sludges. Journal of 

Environmental Science and Health. Part A 45, 883–889.  

Mockaitis, G., Ratusznei, SM., Rodrigues, JA., Zaiat, M and Foresti. E. (2006). Anaerobic 

whey treatment by a stirred sequencing batch reactor (ASBR): effects of organic loading and 

supplemented alkalinity. Journal of Environmental Management 79, 198–206 

 

Montalvo, S., Guerrero, L., Borja, R., Sánchez, E., Milán, Z., Cortés, I. and Angeles de la 

Rubia, M. (2012). Application of natural zeolites in anaerobic digestion processes: A review. 

Applied Clay Science 58, 125–133 

Nasr, N. Elbeshbishy, E. Hafez, H. Nakhla, G. and El Naggar, M. H. (2012). Comparative 

assessment of single-stage and two-stage anaerobic digestion for the treatment of thin stillage. 

Bioresource Technology 111, 122–126 

 

Omil, F., Garrido, Juan M., Arrojo, B. and Mendez, R. (2003). Anaerobic filter reactor 

performance for the treatment of complex dairy wastewater at industrial scale. Water 

Research 37 4099–4108.  

Perle, M., Kimchie, S. and Shelef, G. (1995). Some biochemical aspects of the anaerobic 

degradation of dairy wastewater. Water Res; 29:1549–54. 

Perez, M., Romero, L. I. and Sales, D. (1998). Comparative performance of high rate 

anaerobic thermophilic technologies treating industrial wastewater. Wat. Res. Vol. 32, No. 3, 

pp. 559 ± 564 



 

72 
 

Prazeres, A.R., Carvalho, F. and Rivas, J. (2012). Cheese whey management: A review. 

Journal of Environmental Management 110, 48-68 

Petruy R and Lettinga G (1997) Digestion of milk-fat emulsion Bioresource Technology 61: 

141-149 

Pescum, M., Hébert, E.M., Mozzi, F. and De Valdez, G.F. (2008). Whey fermentation by 

thermophilic lactic acid bacteria: Evolution of carbohydrates and protein content. Food 

Microbiology. Volume 25, Issue 3, Pages 442–451 

Rajeshwari, K.V., Balakrishnan, M., Kansal, A., Lata, K. and Kishore V.V.N. (2000). State-

of-the-art of anaerobic digestion technology for industrial wastewater treatment. Renewable 

and Sustainable Energy Reviews 4:135-156 

Rincón, B., Borja, R., Martín, M.A. and Martín, A. (2010). Kinetic study of the methanogenic 

step of a two-stage anaerobic digestion process treating olive mill solid residue. Chemical 

Engineering Journal 160, 215–219 

Rodgers, M., Zhan, X.M. and Dolan, B. (2004). Mixing Characteristics and Whey Wastewater 

Treatment of a Novel Moving Anaerobic Biofilm Reactor. Journal of environmental science 

and healthy. Vol. A39, No. 8, pp. 2183–2193 

Saddoud, A., Hassaıri, I. and Sayadi, S. (2007). Anaerobic membrane reactor with phase 

separation for the treatment of cheese whey. Bioresource Technology 98 2102–2108 

Schink, B. (1997). Energetics of synthrophic cooperation in methanogenic degradation. 

Microbiology and Molecular Biology Reviews 61(2): 262-280 

Schroepfer, G. J. and Ziemke, N.R. (1959). Development of the Anaerobic Contact Process: I. 

Pilot-Plant Investigations and Economics. Sewage and Industrial Wastes, Vol. 31, No. 2, pp. 

164-190 

Siegert, I. and Banks, C. (2005). The effect of volatile fatty acid additions on the anaerobic 

digestion of cellulose and glucose in batch reactors. Process Biochem; 40:3412–8. 

Siso, M.I.G. (1996). The biotechnological utilization of cheese whey: a review. Biores 

Technol.  57:1–11. 

Sowmeyan, R. and Swaminathan, G. (2008). Performance of inverse anaerobic fluidized bed 

reactor for treating high strength organic wastewater during start-up phase. Bioresource 

Technology 99, 6280–6284 

Spachos, T. and Stamatis, A. (2011). Thermal analysis and optimization of an anaerobic 

treatment system of whey.  Renewable Energy 36, 2097-2105 

Speece, R. E. (1983). Anaerobic biotechnology for industrial wastewater treatment. Environ. 

Sci. Technol., Vol. 17, No. 9 

Steffen, R., Szolar, O., Braun, R. (1998). Feedstocks for Anaerobic Digestion. University of 

Agricultural Sciences Vienna 



 

73 
 

Sunil Kumar, G., Gupta, S. K., Gurdeep, S. (2007). Anaerobic Hybrid Reactor - A Promising 

Technology for the Treatment of Distillery Spent Wash. Journal of Indian School of Mines, 

Vol.11, No.1, 25-38 

Venetsaneas, N., Antonopoulou, G., Stamatelatou, K., Kornaros, M., Lyberatos, G. (2009). 

Using cheese whey for hydrogen and methane generation in a two-stage continuous process 

with alternative pH controlling approaches. Bioresource Technology 100, 3713–3717 

Vidal, G., Carvalho, A., Mendez, R. and Lema, J.M. (2000). Influence of the content in fats 

and proteins on the anaerobic biodegradability of dairy wastewaters. Bioresource Technology 

74 231±239 

Viraraghavan, T. and Varadajaran, R. (1996). Low-temperature kinetics of anaerobic-filter 

wastewater treatment. Bioresour Technol. 57: 165–71. 

Wang, S., Chandrasekhara Rao, N., Qiu, R. and Moletta, R. (2009). Performance and kinetic 

evaluation of anaerobic moving bed biofilm reactor for treating milk permeate from dairy 

industry. Bioresource Technology 100, 5641–5647  

Weisser, T. (2012). Interview carried out on February the twenty second during visit from the 

EnviroChemie Company. Rossdorf, Germany. 

YU, H. Q. and FANG, H. H. P. (2001). Acidification of mid and high strength dairy 

wastewaters. Wat. Res. Vol. 35, No. 15, pp. 3697–3705 

Yu, H. Q., FANG, H. H. P., Gu, G. W. (2002). Comparative performance of mesophilic and 

thermophilic acidogenic up flow reactors. Process Biochemistry 38 447_/454 

Yu, H. Q. and FANG, H. H. P. (2003). Acidogenesis of gelatin-rich wastewater in an up-flow 

anaerobic reactor: influence of pH and temperature. Water Research 37; 55–66  

Åström, S. (2011). Personal interview carried out on April the first during the site visit from 

the Milko factory. Östersund, Sweden. 

 

 

 

 

 

 

 

 

 



 

74 
 

Reports 

Envirochemie. Biomar® ALB: Anaerobic Process with Airlift Reactor. [onlin] Envirochemie. 

Accessed on 28/09/2011 at: www.envirochemie.com 

Milko, Årsredovisning 2010, Östersund, Sweden, 2011.  

Milko, Miljöredovisning 2009, Östersund, Sweden, 2010. 

Mathiasson, A. Nylander, A. (2008) Biogas from manure and waste products - Swedish case 

studies. [Online] Jörgen Held Swedish, Gas Centre. Accessed on 25/09/2011 at: www.sgc.se 

Nilsson, M., Linné, M., Dahl, A. (2001). Life Cycle Inventory for biogas as vehicle fuel. 

Report SGC 117, Swedish Gas Centre, Malmo. [In Swedish] 

Palm, R. (2010). The economic potential for production of upgraded biogas used as vehicle 

fuel in Sweden. Chalmers University of Technology, technical report no FRT 2010:03  

Rogstrand, G. (2012). Cooperation-key to developing regional biogas projects in Sweden. 

[Online] Swedish Institute of Agricultural and Environmental Engineering (JTI). Accessed on 

30/09/2012 at: www.jti.se 

Swedish Energy Agency. (2011). Energy in Sweden 2011. [onlin] Swedish Energy Agency. 

Accessed on 20/08/2012 at: www.energimyndigheten.se 

Sydow, U. (2010). Biogasplan för Jämtlands län. Slutrapport från projektet Biogas Storsjön 

runt inklusive Åre- & Ragundadalen. [onlin] Jämtlands läns Institut för Landsbygdsutveckling 

(JiLU). Accessed on 28/08/2011 at: www.Biogasplan för Jämtlands län – JiLU. 

Sydow, U. (2009). Biogas Strategy Jamtland. [onlin] Jämtlands läns Institut för 

Landsbygdsutveckling (JiLU). Accessed on 28/08/2011 at: www. JiLU.se 

Söderlund, T. (2010). Kartläggning av bio- och deponigasproduktion, konsumtion samt 

allmän projektstatus inom Västernorrlands, Västerbottens, Jämtlands och Norrbottens län år 

2009. Biogas Norr, Sundsvall 

Wheeler, P. (2001). Systems and Markets Overview of Anaerobic digestion. AEA 

Technology Environment, Culham, Abingdon, Oxfordshire, UK 

Östersunds kommun, 2009, Biogas and gas vehicles in Östersund. [online] accessed on 23 

August 2012 from http://www.ostersund.se 

 

 

 

 

 

http://www.sgc.se/
http://www.jti.se/
http://www.ostersund.se/


 

75 
 

Appendix A -Terminology 

Expression                                           Explanation 

 

Alkalinity 

 

Anaerobic digestion 

 

The buffer capacity of a liquid or process. 

 

Organic materials break down in absence of oxygen by microorganisms. 

 

Biogas 

 

Biogas refers to kind of gas which is combustible and when burning produce 

energy, also usable for producing electricity, heat and vehicle fuel. Biogas 

mainly consists of methane (   ) (50-75%), carbon dioxide    ) (25-

50%), nitrogen (  ) (0-10%), hydrogen    ) (0-1%), hydrogen sulfide 

(     (0-3%). 

 

Bioreactor 

 

A device or system which design for supporting a biological activity. 

 

BOD  

 

 

 

     
 

COD  

 

Biological oxygen demand. BOD is the quantity of oxygen (dissolved in 

water) which is consumed in the biological breakdown of the organic 

substances in a water sample. 

 

 Indicates the quantity of oxygen consumed over 7 days.  

 

(Chemical oxygen demand). COD indicates the quantity of the pollutants in 

waste water that can be oxidized by a chemical oxidant. 

 

Exopeptidase 

 

Fermentation 

 

HRT 

 

 

Permeate  

 

 

Waste milk 

 

Seed sludge 

 

 

SRT 

 

 

Total solid (TS) 

 

Volatile solid (VS) 

 

 

Whey  

 

WRD-oil 

 

 

A group of enzymes facilitating protein hydrolysis. 

 

An incomplete oxidation, whereby organic waste-products are formed. 

 

Hydraulic Retention Time. The average time which liquid substances spend 

in the reactor (e.g. microorganisms and liquid). 

 

A filtrate, the liquid passing through the membrane. Rich of lactose and 

deproteinized.  

 

Milk /water mixture resulting from the rinsing of tanks at dairies. 

 

A large aggregation of sludge which accommodates populations of 

microorganisms. 

 

Solid retention time. The average time that, solids spend in the digestion 

process.  

 

Dry matter, the amount of dry materials who remain after drying 

 

Organic content, i.e. dry weight minus ash. Usually given as a percentage of 

TS or DW. 

 

The residual liquid of cheese processing which is rich of protein and lactose. 

 

Wide Range Distillate (WRD) is an environmental friendly fuel oil with low 

sulfur content. (0.1%). 
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