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SUMMARY IN SWEDISH  

Den ökande energiförbrukningen i världen och utsläpp av växthusgaser 
(GHG) gör det nödvändigt att söka nya hållbara energikällor för att 
matcha efterfrågan på energi i framtiden. Rötningsteknik med organiskt 
avfall som förnybar energikälla, ger biogas som i genomsnitt består av 
78 % CH4, 22 % av CO2 och spår av H2S (<0.5 %), är en idealisk 
kostnadseffektiv metod. 

Den Uppåtflödande anaeroba slambäddsreaktorn (UASB) med största 
fördelarna: biogasproduktion som förnybar energi, hög belastning och 
hög behandlingseffektivitet med låg produktion av biomassa, inget behov 
av stödstruktur för utveckling av mikroorganismer, är den viktigaste 
typen för anaerobt reningssystem. Det finns flera faktorer som påverkar 
UASB-reaktorns prestanda, såsom temperatur, pH, HRT, Uppåtriktat 
flödeshastighet, OLR, SRT och VFA. 

I denna studie är huvudsyftet att med fokus på utvärdering av 
temperaturpåverkan på biogasproduktion och CODtotal avlägsnat i 
UASB-systemet Linje 4 som behandlar hushållsspillvatten i Hammarby 
Sjöstadsverk. Analysen av biogasproduktionen fokuserades på UASB 
reaktor 1. Åtta parametrar övervakades för att kontrollera skick inklusive 
inflöde och utflöde, temperatur, pH, CODtotal inflöde, 
strömningshastighet för inflöde, CODtotal utflöde, flyktiga fettsyror VFA, 
biogasproduktionstakt och metankoncentration. Försöken utfördes vid 
åtta inställda temperaturnivåer och varje nivå stabiliserades i sju dagar. 
pH och VFA-värde var stabilt under hela försöket. Resultatet visar att 
temperaturen har en större inverkan på metanavkastningen och CODtotal 
avlägsnat än belastningen, OLR. Då temperaturen höjs från 19 °C till 
35 °C erhålls en större metanavkastning och större CODtotal avlägsnat. 
Den största metanavkastningen och CODtotal avlägsnat är 0,167 l/g 
CODtotal respektive 56.84 % vid den högsta arbetstemperaturen 33.4 °C 
med OLR 3.072 g CODtotal/(l * dag) och HRT 4.2 h. 

Energibalansen vid olika arbetstemperaturer visar att det finns en stor 
skillnad i energibehov för uppvärmning och utbyte av energi i form av 
biogas. För att minska klimatpåverkan och nå balans mellan input och 
output av energi måste energibehovet för uppvärmning reduceras. 
Energiåtervinning från utflöde till inflöde liksom drift av UASB vid låg 
temperatur är ämnen som kan studeras vid fortsatt arbete. 
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ABSTRACT  

The upflow anaerobic sludge blanket (UASB) reactor is widely used around the world 
to treat variety of  domestic and industrial wastewater with three main advantages: 
production of  biogas as renewable energy, no need of  support structure for 
development of  microorganisms and high rate treatment efficiency with low rate of  
biomass production.  

This study evaluates the effect of  temperature on biogas production and CODtotal 
removal in Line 4-UASB system treating domestic wastewater in Hammarby 
Sjöstadsverk. Eight parameters were examined including the following: Influent and 
effluent temperature, pH, influent CODtotal, influent rate, effluent CODtotal, volatile 
fatty acids, biogas production rate and methane concentration. There are eight set 
temperature and each is stabilized for seven days. The biogas production analysis is 
focus on UASB 1. Temperature rising from 19 °C to 35 °C achieves a general benefit 
result in methane yield rate and CODtotal removal efficiency. The best methane yield 
rate and CODtotal removal rate are 0.167 l/g CODtotal and 56.84 % respectively at 
highest working temperature 33.4 °C with OLR 3.072 g CODtotal/(l*day) and HRT 
4.2 h.  

Key words: Anaerobic wastewater treatment; UASB reactor; Domestic 
wastewater; Temperature; Biogas production; CODtotal; OLR. 

1. INTRODUCTION   

Nowadays there is a worldwide increasing energy demand. Energy 
sources generally can be divided into two mains parts: non-renewable 
source energy like oil, coal, nuclear and natural gas; renewable source 
energy such as biomass, solar, wind and water. Currently global energy 
requirements are still extremely dependent on non-renewable fossil fuel. 
With the overuse of these limited fossil fuel the world now are facing the 
global energy crisis. It is necessary to search new sustainable energy 
source to fill the energy gap in the foreseeable future. The rising 
greenhouse gas (GHG) emissions, decreasing fossil fuel supplies and 
energy security have led to the introduction of renewable energy targets 
at both national level and European level (Smyth et al, 2011). In Europe 
the energy policy is to reduce greenhouse gas (GHG) by using less, 
cleaner and locally produced energy, such as energy recovery from 
different kinds of waste; reduce exposure to volatility of fossil fuel prices 
and encourage new competitive technology innovation and works (i.e 
Germany has the targets of increasing renewable energy usage from 
9.1 % to 20 % by 2020) (Pöschl et al, 2010). After several years research, 
scientises have find somg acceptable ways to get renewable energy. 
Among the different choices anaerobic digestion technology to produce 
biogas with wastes and wastewater is an ideal cost-effective biological 
method to meet the European targets (Tabatabaei et al, 2010).  

1.1. Biogas composition 

On average biogas is consist of  78 % CH4, 22 % of  CO2 and traces of  
H2S (<0.5 %) (Graaff  et al, 2010). Methane which is the main and key 
content in biogas is a significant greenhouse gas only second to carbon 
dioxide in its affect to global warming. There is approximately 30 times 
potent as a greenhouse gas more than carbon dioxide per molecule 
methane but its atmospheric lifetime is 10 years relatively shorter than 
carbon dioxide with over 200 years (Moss, 1993). The control of 
methane emission is a logical option and it can be a good renewable 



Chengyuan Zhao TRITA LWR Degree Project 11:35  

 

2 

energy sources if rationally uses biological biogas technology to produce 
more methane. 

1.2. Biogas Utilization 

Comparing with other renewable energy source like wind, solar and 
water energy, biogas is a more useable renewable energy. The ease of 
storage and determinate energy value makes the usage of biogas, 
independent of season and geographical location. The directly 
utilizations of biogas are: electricity generation, heat generation and 
upgrading as substance of fossil fuel like transport fuel (Pöschl et al, 
2010).  

1.3. Biogas technology benefits 

Biogas systems with its functioning can provide all its users a full range 
benefits and continually contribute to conservation and development 
both in environment and society, such as conversion of organic waste to 
fertilizer; production of renewable energy; decreasing of greenhouse gas 
emission; reduction of pathogens and work load; economical advantages 
from energy and fertilizer substitution and decreasing energy generations; 
environmental benefits through soil water, air, woody  vegetation 
protection; import substitution and environmental protection (Kashyap 
et al, 2003).  

2. ANAEROBIC WASTEWATER TREATMENT  

2.1. Classification of  wastewater 

The wastewater which is the sewage generated by people's community is 
main from three different sources: the first is industrial wastewater 
produced from industries utilizing sewage system for the effluents; 
generated from toilets, bathrooms and activities such as washing, 
cooking, etc.; The third is rain water in the wastewater and storm water 
combined system. The amount and content of  wastewater vary fairly 
from place to place. It is strongly depended on social behavior, economic 
aspects, type and scale of  industries located in the collection area, and 
climatic conditions, water consumption, type and conditions of  the 
sewer system (Seghezzo et al, 1998). Among three different types of  
wastewater sources, domestic wastewater is usually the main component 
of  sewage. And it can also be divided into different streams by different 
sources. Usually it is distinguished into two streams: concentrated – black 
water from toilets (faces, urine and flushing water) and diluted – grey 
water from bath, wash and kitchen. The average characteristics of  
domestic wastewater are showed in Table 1. Most of  the COD, BOD, 

Table 1 The Different Average Characteristics of  Domestic 
Wastewater , Black Water and Conventional Flush Toilets Water 
( Henze and Ledin, 2001) 

Parameter (mg/l) Domestic 
wastewater 

Black water Grey water 

BOD 115-400 300-600 100-400 

COD 210-740 900-1500 200-700 

Total N 20-80 100-300 8-30 

Total P  6-23 40-90 2-7 
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nitrogen and phphosphorus and nitrogen in domestic wastewater are in 
black water (Henze and Ledin, 2001; Luostarinen et al, 2006). The 
domestic wastewater is the mixture of  black water and grey water. The 
parameter concentration is between these two streams. The COD in 
domestic wastewater is at range of  210 mg/l to 740 mg/l. 

2.2. Anaerobic treatment process 

Anaerobic treatment is a kind of  complicated biological process which a 
close-knit community of  bacteria cooperate to a stable, self  regulating 
fermentation to convert organic matter to methane and carbon dioxide 
gases with several continuous, independent and parallel reactions 
(Noykova et al, 2001). At present organic waste and wastewater are 
treated because of  the pollution control. With the increasingly 
recognizing to anaerobic treatment process as the method of  an 
advanced technology for environmental protection and resource 
preservation, organic waste and wastewater will use as valuable resources 
in the future. As the anaerobic treatment already represents a sustainable 
and appropriate wastewater treatment system in developing countries, it 
is attracting more attention from sanitary engineers and decision makers. 
There are some successfully anaerobic wastewater treatment plants in 
tropical countries and more encouraging results from subtropical and 
temperate region (Seghezzo et al, 1998; Luostarinen, 2005). 

Fig. 1. Anaerobic Degradation of Complex Organic Matter to 
Methane (Luostarinen, 2005) 
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The anaerobic treatment process is also the biological methanation 
process which is the conversion of biomass to methane under anaerobic 
condition. This is usually utilized in the anaerobic treatment of organic 
wastes and wastewater, removing organic matter concentration and 
producing biogas at the same time (Luostarinen, 2005). (Fig. 1) shows 
there are four main reaction steps occur by sequence: hydrolysis, 
acidogenesis, acetogenesis and methanogensis (Kashyap et al, 2003).  

There are seven sub-processes among these four main reactions. At first 
complex organic are hydrolyzed. Secondly alcohols and long chain fatty 
acids are oxidized. Thirdly sugars and amino acids are fermented. 
Fourthly short-chain fatty acids (except acetate) are oxidized. In the fifth 
step carbon dioxide and hydrogen generate acetate. In the sixth step 
acetate is converted into methane and in the final step hydrogen reduces 
carbon dioxide and produce methane (Gómez, 2011). There are three 
principal classes of bacteria in the whole seven sub-processes. Hydrolysis 
bacteria: this kind of bacteria breaks down insoluble organic polymers in 
the input material like carbohydrates and converts them to available 
materials to other bacteria by hydrolyzing. Acid-producing bacteria: 
Acidogenic bacteria convert the amino acids and sugars into carbon 
dioxide, ammonia, hydrogen and organic acids. Acetogenic bacteria 
continually convert these organic acids into acetic acid. Methane-
producing bacteria: Methanogenic bacteria: these bacteria convert these 
products above to methane and carbon dioxide at final stage (Liu and 
Tay 2004; Gómez, 2011). 

Because the methanogenic organisms in anaerobic sludge makes up of  
the main final stage of  anaerobic reaction, they are the most important 
to anaerobic stabilization of  different substrates. There are two kinds of  
methanogens: the rods (Methanobacterium, Methanobacillus) and 
spheres (Methanococcus, Methanosarcina). They grow very slowly 
during anaerobic processes, so the metabolism of  these methanogens is 
usually the rate limiting in the anaerobic treatment as present research. 
The non-methanogenics are also significant bacterium. The state of  
dynamic equilibrium of  methanogenic and non-methanogenic bacteria 
maintains and stalibizes the organic waste removal efficiency in 
anaerobic treatment system (Doddema and Vogels, 1978; Sponza and 
Cigal, 2008). But as know methanogens only can use a limited number 
of  simple substrate for growth and metabolism during the anaerobic 
processes (Malina and Pohland, 1992). The reactions defined as methyl 
type and carbon dioxide, including formic acid, methanol, and 
methylamine, oxidation of  hydrogen, carbon monoxide, and acetate are 
shown respectively in Reaction (1) to (6) (Siang, 2006): 

Formic acid: 

4HCOO- + 4H+                 CH4 +3CO2 +2H2O                                     (1) 

Methanol: 

4CH3OH               3CH4 + CO2 +2H2O                                                (2) 

Methylamine: 

4(CH3)3N +H2O               9CH4 +3CO2 +6H2O +4NH3                      (3) 

Oxidation of  hydrogen: 

4H2 + CO2                 CH4 + 2H2O                                                       (4) 

Carbon monoxide: 

4CO + 2H2O               CH4 + 3CO2                                                      (5) 

Acetate:   

CH3COOH                  CH4 + CO2                                                       (6) 
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Different from oxygen accounting for the COD change in aerobic 
processes, the COD reduction in anaerobic processes is accounted by 
methane production. So the COD loss during anaerobic processes can 
be calculated as the use of  COD balance. The amount of  methane 
equivalent to COD is how much the oxygen needed oxidize methane to 
carbon dioxide and water. The reaction is shown in Reaction (7), 1 mole 
CH4 needs 2 mole O2, equals to 64 g O2/mole CH4. The volume of  air 
at standard condition (0 °C and 1 atm) is 22.4 L/mole. The COD 
balance with CH4 and COD loss is 22.4/64= 0.35 LCH4 /g COD (Siang, 
2006; Zhang et al, 2010).  

CH4 + 2O2                CO2 +2H2O                                                        (7) 

Depending on the process of  biogas production operateing in different 
temperature of  anaerobic condition, the anaerobic wastewater treatment 
is usually divided into four types: The anaerobic digestion temperature 
lower than 25 °C is psychrophilic digestion; The anaerobic digestion 
temperature between 25 °C to 40 °C is mesophilic digestion; The 
anaerobic digestion temperature between 50 °C to 60 °C is thermophilic 
digestion and temperature above 80 °C is hyperthermophiles digestion 
(Zuo and Xing, 2007). 

2.3. Advantages and disadvantages of  anaerobic wastewater treatment  

Anaerobic wastewater treatment is considered to have a number of  
advantages compared with the conventional aerobic process. Its high 
efficiency, flexibility, low energy consumption, low spacerequirements, 
low sludge production and low nutrients and chemicals requirement get 
more attention from design makers. But their weaknesses like possible 
bad odors, low pathogen and nutrient removal and long start-up are the 
factors need to consider before decision making. The reason and interest 
to use anaerobic wastewater treatment processes can be solved by 
analysis on the advantages and disadvantages of  the processes (Table 2).  

3. UASB  SYSTEM  

The up-flow anaerobic sludge blanket reactor (UASB) system is an 
advanced biological anaerobic wastewater treatment. It is characterized 
by a high metabolic activity and great bioorganic stability anaerobic 
granular sludge. The UASB system in anaerobic condition convert 
organic materials (COD, BOD) to small amount of  sludge in reactor and 
large amount of  biogas for energy recovery (Sponza and Cigal, 2008).  

3.1. UASB used in WWTP  

At present the increasingly usage of  anaerobic treatment to deal with 
different wastewaters in the world is largely depend on the development 
of  high efficiency anaerobic reactors-UASB reactors by Prof. Gatze 
Lettinga and the Wageningen research group (Lepisto and Pintala, 1999; 
Lamprecht, 2009). The establishment of  anaerobic bacteria as aggregates, 
pellets or granules sludge in the bottom of  UASB reactor is the success 
concept of  UASB where biological processes take place. These granules 
sludge are most effective biocatalysts which can degrade organic 
materials and convert them to biogas. The principle of  internal settling 
of  granular sludge was reported in South Africa. The great breakthrough 
in the UASB technology development was in Netherlands by Prof. Gatze 
Lettinga with his research group in late 1970s. The UASB reactor was 
equipped with a suitable gas solids separation system at the top to avoid 
mechanical sludge recirculation this notably increase its applicability 
(Seghezzo et al, 1998; Lamprecht, 2009).  
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Presently several high rate anaerobic wastewater treatment systems are 
available. Comparing with other types of  anaerobic treatment 
technologies, UASB is the principal type with advantages of  high loading 
rate and high COD removal efficiency with low rate of  sludge 
production, no need of  support structure for the development of  
microorganisms (Table 3). There are some modification of  the UASB 
original design, the anaerobic migrating blanket reactor (AMBR) and 
anaerobic baffled reactor (ABR). But UASB system is used most widely, 
with over 500 plants treating different kinds of  wastewater, among these 
anaerobic sludge blanket reactors (Siang, 2006). There is a fast growing 
in the application of  UASB system treating domestic wastewater in Latin 
America, such as Brazil, Colombia, Argentina, Mexico and Guatemala 
about 45 % of  these area’s anaerobic reactors are treating wastewater, 
including the biggest UASB reactor (83700 m3). UASB system has 
already found widely acceptance in tropical area. Nowdays more research 
focus on UASB reactor operating at low temperature is still in progress 
in order to get better results in subtropical and temperate area which can 
save more energy (Seghezzo et al, 1998). 

3.2. Theory of  UASB system 

In general the UASB reactor is an empty tank with all recations inside. 
(Fig. 2) represents the schematic diagram of  UASB reactor. It is usually 
consists of  three main parts as follows (Industrial Technology Research 
Institute, 2003; Cabezas, 2007): 

Table 2 Advantages and Disadvantages of  Anaerobic Wastewater Treatment 
Compared with Other Treatment Motheds (Seghezzo et al, 1998) 

Advantages 

High efficiency: Good removal efficiency can get in the system, even at high loading 
rates and low temperatures. 

Flexibility: The system can be easily utilized on either a very small or a very large 
scale. 

Simplicity: The construction and operation of these reactors is very simple. 

Low energy consumption: All plant operations can be done by gravity, and plants can 
be operated at room temperature. The energy consumption of the reactor is almost 
negligible. Moreover, energy is produced during the process in the form of methane. 

Low sludge production: Comparing with aerobic methods, the sludge production is 
low, because of the slow growth rates of anaerobic bacteria. It can be preserved for long 
periods of time without a big decreasing of bacteria’s activity, allowing its use as 
inoculums for the start-up of new reactors. 

Low space requirements: High loading rates can be accommodated in the system, and 
the reactor needs small area. 

Low nutrients and chemicals requirement: An adequate and stable pH can be 
maintained without the addition of chemicals in the case of sewage treatment. Without 
toxic compounds, macronutrients (phosphorus and nitrogen) and micronutrients are also 
acceptable in sewage. 

Disadvantages 

Possible bad odors: When there are high concentrations of sulphate in the inflow, 
hydrogen sulphide is produced during the anaerobic process, The biogas is required 
further proper handling to avoid bad smell. 

Low pathogen and nutrient removal: Nutrients removal is not complete and therefore 
a post treatment is required. Pathogens are only partially removed, except helminthes 
eggs, which are effectively captured in the sludge bed. 

Long start-up: Due to the low growth rate of methanogenic organisms, the start-up 
takes longer compared to aerobic processes, when no good inoculums are available. 

Necessity of post-treatment: Post-treatment of the anaerobic effluent is generally 
required to reach the discharge standards for organic matter, nutrients and pathogens. 
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 Sludge bed at the bottom of  reactor (digestion zone). The influent is 
from the bottom of  the reactor with upward motion through sludge 
bad by influent distribution device, one of  the critical elements in 
UASB reactor. The sludge bed is made up of  dense microorganisms 
with naturally granules form from 0.5 mm to 2 mm in diameter 
which is the accumulation of  influent suspended solids and bacteria 
biomass settled down in the bottom. These granules form sludge 
with high sedimentation velocity can avoid sludge wash out from 
reactor even at high hydraulic loads.   

 Sludge blanket (transition zone). The bubbles generated at sludge bed 
go up with some granule sludge. The motion of  the released bubble 
with up flow speed cause hydraulic turbulence which provide reactor 
self  mixing without mechanical agitation.  

 Gas solid liquid three phase separator at the top of  the reactor. The 
three phase separator is the key part of  the system which used to 
separate water phase from sludge solids and gas phase. The treated 
effluent is discharged at the top effluent system and biogas is 
collected by gas cap at the top, while sludge solids are settled back to 
the sludge in the bottom. This solved the sludge flush out problem in 
UASB reactor.  

Among different design sections, there are three key parts in UASB 
reactors design: gas solid liquid three phase separator, influent 
distribution system and effluent withdrawals system. Configuration is 
also another significant element in UASB design (Siang, 2006). During 
last few years some reactors are modified on original UASB reactors with 
compartments in rectangular shape (Ajyuk et al, 2005).  

The UASB reactor design is based on a special upflow rate regime. The 
influent wastewater is distributed into the bottom of  UASB reactor with 
a distribution system device to let the influent goes even into the reactor. 
The influent wastewater travels in an upward flow model through the 
sludge bed (digestion zone), where most of  chemical and biological 
anaerobic reactions happened in the digestion zone. With anaerobic 
degradation, biogas bubbles are produced. These biogas bubbles rise up 
to the sludge blanket (transition zone) and with their upward flow model 
making better mixing and turbulence in UASB reactor without further 
mechanical mix. Then wastewater and biogas bubbles continually rise up 
to the top of  the reactor where gas solid liquid three phase separator is 
there. Via the uniform apertures between three phase separator, biogas 
bobbles are collected by biogas cap, effluent goes out from withdrawal 
system and sludge solids are captured back to reactor (Siang, 2006; 
Cabezas, 2007).  

Table 3 Comparison of  Various Types of  Anaerobic Treatment 
Technologies (Industrial Technology Research Institute, 2003) 

Reactor Types COD loading (kg/(m
3
*d)) CODremoval percentage (%) 

Anaerobic contact 
digester 

1-6 80-95 

Upflow anaerobic filter 1-10 80-95 

Downflow anaerobic 5-15 80-87 

Anaerobic fluidized 1-20 75-88 

UASB 5-30 85-95 



Chengyuan Zhao TRITA LWR Degree Project 11:35  

 

8 

3.3. Factors affecting the UASB system 

In the design and operation of  UASB reactors, several factors need to 
consider maintaining good treatment efficiency including temperature, 
HRT, up flow velocity, OLR, SRT, pH and VFA.  

3.3.1. Temperature 

Anaerobic microorganisms are very sensitive to temperature. It has a 
great effect on the growth, activity and survival of  microorganisms. 
When operating at low temperature, chemical, biological reaction and 
microorganisms’ growth are slow down. The performance of  UASB 
system is greatly limited when the organic material degradation and the 
hydrolysis of  suspended solids at low temperature. Because large amount 
of  particulate materials in domestic wastewater is with low degradation 
rate at psychrophilic temperatures, most part of  these materials 
accumulated in the sludge bed. This will increase excess sludge produced 
and lead to a shorter sludge retention time (SRT). Shorter SRT will slow 
down anaerobic microorganisms’ growth, causing low COD removal 
efficiency and biogas production, decreasing sludge stability and many 
other obstacles in anaerobic treatment (Lew, 2011). Under minimum 
growth temperature anaerobic microorganisms will even lose activity. 
When temperature rises, all the reactions in side microorganism like 
chemical, biological reaction and microorganisms’ growth rate are peed 
up to the optimal range.  

The anaerobic degradation and treatment efficiency can achieve best 
results within the optimal range. But higher than the optimal temperature 
range nucleic acids, proteins and other cellular components will get 
irreversibly damaged and the system will shut down since the 
microorganisms lose activity (Luostarinen, 2005). 

Fig. 2. The Schematic Diagram of  UASB Reactor (source: 
http://www.uasb.org/discover/agsb.htm) 
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At the same time methanogens growth and activity is greatly influenced 
by temperature and the microorganisms’ composition of  sludge also 
strongly affected on it. There are several kinds of  microorganism in 
anaerobic process, so temperature fluctuations could get advantages for 
some microbial groups’ growth at the same time other groups of  
microorganisms are restricted at this temperature range (Lamprecht, 
2009). (Fig. 3) shows the different groups of  methanogens’ growth at 
variable temperature. Each of  them has its optimum temperature when 
best growth and activity is achieved. The growth rate and activity are not 
always rise with temperature. At transition zone of  tow methanogens, 
growth rate and activity are both low until one of  them gets optimum 
temperature. At present most of  the UASB systems are mesophilic 
because the thermophilic consume too much energy while psychriphilic 
meets many obstacles (Lettinga et al, 2001; Luostarinen, 2005; 
Lamprecht, 2009; Gómez, 2011).  

3.3.2. HRT and up flow velocity 

The hydraulic retention time (HRT) is the mean time that influent 
wastewater stays in the reactor (Equation (8)) 

                                                                                               (8) 

*V= Useful total volume [m3]   Q= Influent rate [m3/h] 

                                                                                                    (9) 

*v= Design up flow velocity [m/h]    

Q = Influent rate [m3/h] 

A = Reactor cross section area [m2] 

The value setting of  HRT should give enough time for anaerobic 
microorganisms in the sludge to digest organic materials, but too long 
HRT may lead to excess sludge produced and need larger volume of  
reactor. Usually higher temperature at suitable range, low organic loading 
and well feed sludge can give shorter HRT (Luostarinen, 2005; Siang, 

Fig. 3. Relative Growth Rate of  Psychrophilic, Mesophilic and 
Themophilici at Different Temperature. (Lettinga et al, 2001) 
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2006). Up flow velocity is based on the floweate and the volume of  
reactor (Equation (9)). 

Up flow velocity is a factor which affects the efficiency of  up flow 
reactors. In one reactor the volume and cross section are set, so higher 
up flow velocity results shorter HRT. The up flow velocity should be in a 
suitable range. The up flow velocity need to be high enough to provide 
well mixing, good contact between biomass and microorganisms in the 
sludge and better biogas bubbles separation with liquid and solid phase, 
but it cannot higher than sludge sedimentation velocity (Luostarinen, 
2005; Siang, 2006; Lamprecht, 2009). Low up flow velocity causes poor 
mixing, especially at low temperature when biogas production up flow is 
low, the poor mixing can result channeling of  wastewater through sludge 
bed without sufficient contact. All these will decrease COD removal 
efficiency and even format gas pockets, which increase the risk of  large 
sludge aggregates lifting and pulse eruption of  biogas. So if  up flow 
velocity cannot be high enough, extra mechanical mixing is needed 
(Luostarinen et al, 2006).  

3.3.3. OLR 

Organic loading rate (OLR) is the mass of  soluble and particulate 
organic matter per unit area and per time of  the reactor (Gómez, 2011). 
It is an important factor significantly influencing microbial ecology. OLR 
is used to measure biological conversion capacity of  the UASB system. It 
can be calculated by changing the influent COD concentration and flow 
rate (Equation (10)). For the changing of  flow rate means changing of  
HRT and up flow velocity (Chaisri et al. 2007).  

                                                     (10) 

*Q = Influent rate [m3/h]    

V = Useful total volume [m3] 

CODinfluent = Total influent COD [g/l] 

High OLR microorganisms can achieve a fast microbial growth and 
stronger activity all these can increase COD removal efficiency. While 
low OLR microorganisms will stay at a starvation level lower the COD 
removal efficiency and biogas production. Usually higher temperature 
prefers higher OLR and lower OLR meets the lower temperature. OLR 
at a reasonable high range value can get better sludge granulation 
efficiency which may increase characteristics of  sludge. But too high 
OLR, biogas production increase, will result strong agitation causing 
sludge washout (Lamprecht, 2009; Gómez, 2011).   

3.3.4. SRT 

Sludge retention time (SRT) is a criteria factor determining the max 
amount of  methanogenesis and hydrolysis in the UASB reactor. It 
should be long enough to give sufficient time for methanogens’ growth 
and methanogenic activity to convert organic materials at operating 
circumstance (Agrawal et al, 1996).  SRT is affect by concentration and 
characteristics of  SS in the influent, loading rate and temperature. Low 
temperature, high loading rate with high per stage of  SS all result the 
shorter SRT and lower down the biogas production and COD removal 
efficiency (Seghezzo et al, 1998; Lew et al, 2011).   

3.3.5. pH 

The biogas production optimum pH in the reactor should be in the 
range of  6.5 to 8, which is suitable for acetogens and methanogens 
(Antonopoulou et al. 2008). Three different principal bacteria in 
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anaerobic reaction: hydrolysis bacteria, acid-producing bacterial and 
methane-producing bacteria are all with a more sensitive pH range 
respectively. For hydrolysis and acid-producing bacterial the optimum pH 
value are both from 5 to 6. Methane-producing bacteria need the pH 
range between 6.5 and 7.8. This is why designers prefer to divide 
hydrolysis/acidification and acetogenesis/methanogenesis into two 
separate processes to achieve better results (Aydinol and Yetilmezsoy, 
2010; Gómez, 2011). 

3.3.6. VFA 

Volatile fatty acids (VFA) are often used as an indicator value to show 
how the anaerobic microorganisms work inside the UASB reactor. They 
are the intermediates from organic material to methane. The procession 
of  converting VFA to methane is also the limiting step during methane 
production, if  there are non particulate substrates and excessive complex 
organic material. When toxic matters flow into reactor or organic 
overload, VFA starts to accumulate and results pH decrease, overall 
stops reactor’s function. According to different literatures, the 
concentration of  VFA should not above 200 mg/l. So in the variable 
loaded reactors, monitoring and control of  VFA directly or indirectly is 
very important to maintain the stability of  the reactors (Punal et al, 2003; 
Zaher et al. 2004; Nkemka and Murto, 2010). 

4. AIM OF THE STUDY  

The aim of  this study was to better understand and evaluate the effect of  
temperature (from 19 °C to 35 °C) on biogas production and COD 
removal in Line 4-UASB system treating domestic wastewater in 
Hammarby Sjöstadsverk. Also, optimize the UASB operating parameters 
setting. The aim of  the study was divided into three main parts: 

 Review publications and literature about UASB wastewater treatment 
and biogas production. Understand the theory, influence factors and 
how UASB performance at different parameter setting in other 
wastewater treatment plants. 

 Mechanical work: fixing the equipment failure and get familiar with 
Line 4-UASB system and laboratory chemical and physical analysis in 
Hammarby Sjöstadsverk. Understand the design of  Line 4 and basic 
operation parameter settings. 

 Perform UASB system at different temperature and evaluate biogas 
production and COD removal by chemical analysis and physical 
parameters monitoring.  

5. MATERIAL AND METHODS  

5.1. Hammarby Sjöstadsverk research and development facility  

Hammarby Sjöstad the town around the lake is a large urban renewal 
project in South East Stockholm which was an opportunity to expand 
Stockholm’s inner city, convert the old industrial are into a modern city 
district. It is supposed to be completed by around 2018. At that time 
about 11,500 apartments, more than 36,000 people will work and live in 
the area (Hammarby Sjöstad, 2011). 

Hammarby Sjöstadsverk is Sweden’s leading and internationally known 
research and develops facility where there is a platform for development 
and exchange of  knowledge in wastewater treatment and other related 
environmental technology. The whole facility is a project owned and 
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operated by a consortium led by IVL Swedish Environmental Research 
Institute and the Royal Institute of  Technology (KTH). It is located on 
the top of  Henriksdals WWTP in Stockholm and was built in 2003 when 
the town quarter Hammarby Sjöstad was under expansion.  

The facility does great effort to maintain and develop more effective 
technologies and skills in wastewater purification to reduce climate 
impact and resource use in WWTP. And it is used for demonstration and 
development of  new sustainable technologies and methods for industry 
and other partners. Because of  the possibilities for tests, analysis 
demonstration, Hammarby Sjöstadsverk is also used for education, 
including degree projects and collaboration with scientists. There are 
already 30 masters from different universities had made great part of  
research at the facility.  

There are 6 different lines in Hammarby Sjöstadsverk. Among the earlier 
4 lines, three of  them are with a capacity of  1 to 2 m³/h and one process 
line with a lower capacity. Line 1: Aerobic treatment with activated 
sludge and biological nitrogen — and phosphorous removal; Line 2: 
Aerobic treatment with membrane bioreactor and reverse osmosis; 
Line 3: The anaerobic treatment with fluidized bed; Line 4: Anaerobic 
treatment with UASB and biological nitrogen reduction; Line 5: 
Different components for sludge handling; Line 6: The Anaerobic 
membrane bioreactor (MBR).  

Table 4 Three Different Experiment Periods During the Thesis Project at 
Hammarby Sjöstadsverk Research and Development Facility 

Period Task UASB 1 UASB 2 

I 
17

th
–30

th
 April 

Mechanical fixing and 
familiar 

Inflow 0.73m
3
/h Inflow 1.45 m

3
/h 

II 
1

st
–31

th
 May 

Raise temperature 3°C 
per week and measure 
biogas production 

Inflow 0.73m
3
/h Inflow 1.45 m

3
/h 

III 
1

st
–23

th
 June 

Raise temperature 2°C 
per week and measure 
biogas production 

Inflow 0.5 m
3
/h 

with 0.23 m
3
/h 

recycling 

In series with UASB 1. 
Inflow 0.5 m

3
/h 

Fig. 4. Hammarby Sjöstadsverk Wasteater Treatment Line 4 (source: 
http://www.sjostadsverket.se/156_en.html) 
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5.2. Experimental strategy 

In order to see how different temperature affects UASB system’s biogas 
production and wastewater treatment, the project was focus on Line 4 
(Fig. 4): Anaerobic treatment with UASB and biological nitrogen 
reduction in Hammarby Sjöstadsverk.  

The whole project is divided into three periods (Table 4). Between 17th 
April and 30th April was the mechanical familiar and fixing. Because 
there was a long time that the UASB system in Line 4 was going without 
project, many measuring instruments became inaccurate or even out of  
control. The first period was to restart the UASB system, correct inflow 
pumps, and fix heat exchangers and flow meter. In this period the system 
was running without heating. The second period is from 1st May–31th 
May. The inflow rate of  UASB 1 and 2 were 0.73 m3/h and 1.45 m3/h. 
The temperature of  the two UASB reactors was rise 3 °C every week. 
The third period is from 1st June–23th June. The temperatures of  the 
two UASB reactors raise 2 °C per week. And the inflow rate of  two 
UASB reactors were both 0.5 m3/h and 0.23 m3/h recycling water goes 
through heat exchanger again back to UASB 1, due to the heat 
exchangers didn’t have enough capacity to raise temperature any more at 
the inflow rate used in the second period. UASB 2 was in series with 
UASB 1. 

The designed technique flow chart of  line 4 is shown in Fig. 5. Line 4 is 
an Upflow Anaerobic Sludge Blanket (UASB) type reactor. Nowadays 
the inflow wastewater is pre-treated by pre-sedimentation. The bacteria 
of  the system produce their own substrate to grow on, if  appropriate 
hydraulic conditions are used. The heat exchangers are placed between 
pre-sedimentation tank and mixing tank. The UASB is made with two 
mixing chambers and two reactors UASB 1 and 2 with gas separation 
and a useful volume of  3.1 m3. During the second period nearly half  of  
the inflow of  wastewater after pre-sedimentation goes through mixing 
tank that flows into UASB 1. The outflow from UASB 1 goes through 
the other mixing tank and goes after mixing with the other half  of  
inflow into UASB 2. In the third period the configuration of  the two 
reactors was changed to work in series with 0.23 m3/h recycling water 
goes through heat exchanger back to UASB 1 to make the water staying 
in UASB 1 for the same time as in the second period. In third period the 
experiments was focus only on UASB 1. The final outflow water from 

Fig. 5.  Line 4 Technique Flow Chart (Source: http://www.sjostadsverket.se/ 
Uppbyggnad_en.html) 
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UASB 2 is recycled to line 3. Sludge treatment is performed through 
thickening, digestion and dewatering.  

5.3. Sampling points 

Wastewater samples were taken every Friday for analysis of  CODtotal 
and VFA. There are 4 sampling points in the line 4. Two of  them were 
influent samples and the other two were effluent of  UASB 1 and 2. As 
shown in Fig. 5: 

 Influent sample 1: Samples were taken from the influent sample tank 

 Effluent sample from pre-sedimentation tank 2: Samples were the 
pre-treatment wastewater by sedimentation.  

 UASB 1 effluent samples 3: Samples were extracted directly from 
outflow water  of  UASB 1 

 UASB 2 effluent samples 4: Samples were extracted directly from 
outflow water  of  UASB 2 which were the final effluent from UASB 
system 

Sampling points 1 and 2 were taken by sampling machines taking 
samples every 6 minutes for 24 hours. Sampling points 3 and 4 were 
taken directly from effluent with 1 l bottles (Fig. 6).  

5.4. Physical analysis 

Physical analysis is measuring physical parameters in order to control 
that the UASB reactors was working according to the designed 
experimental plan and keep the growth environment of  bacteria in the 
required range. Some of  the physical analyses are monitoring tools and 
others are used for process control. 

5.4.1. Temperature 

Temperature is the key factor of  the whole project and the effluent 
temperature was the control factor. It is one of  the most important 
physical parameters in anaerobic treatment of  domestic wastewater. 
Because the biological degradation bacteria have high correlation to 
temperature which can affect bacteria activity and rate of  reaction, all 
steps in UASB reactors are most dependent on it. It also has great 
influence on methanogenic activity of  the sludge (Luostarinen et al, 
2006). 

Fig. 6. Influent Sampling Machines for 1 and 2, Effluent Sampling Points for 3 and 4 
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The influent and effluent temperature was both measured several times 
during working days in order to calculate energy consumption for the 
wastewater heating. The temperature for each day’s was the mean value 
of  during that day. During the second period, the effluent temperature 
of  UASB 1 and 2 was raised at the end of  the week and maintained 
stable for the whole next week to give enough time for bacteria in the 
UASB reactors for adapting the variation. In the third period, after 
temperature reached to 30 °C the effluent temperature was raised 2 °C at 
the start of  week and kept stable for the whole week. Daily monitoring 
was made to keepthe temperature in the reactors within required range. 
Influent and effluent temperatures were both measured and logged in by 
system. 

5.4.2. pH  

pH is a measurement of  the acidity or alkalinity of  a solution, which is 
defined in moles/liter: pH = -log10 [H+]. The neutral solutions are equal 
to 7 and decrease with increasing acidity, increase with increasing 
alkalinity. The pH scale commonly in use ranges from 0 to 14. The pH 
value is an important parameter in biological reactions which can change 
the conditions of  bacteria and affect the bacteria’s activity. Generally 
anaerobic reactions are applied under neutral pH conditions pH 6.5 to 8 
(Van Lier et al, 2001). The pH values of  inflow and outflow wastewater 
of  UASB 1 and 2 were measured once a week at the same time as COD 
measurements. The instrument used for pH measurement was WTW pH 
330i with WTW SenTix 41 probe pH meter.  

5.5. Chemical analysis  

Chemical analysis of  influent and effluent were performed once a week 
in the laboratory in order to monitoring how the UASB reactors work. 

5.5.1. VFA 

The measurement of  Volatile Fatty Acids (VFA) is important for 
controlling the anaerobic reactions in the process. VFA concentration is 
a sensitive parameter that can show if  there is failure happening in the 
process (Lahav and Loewenthal, 2000). Even if  VFA is a substrate for 
methane bacteria, too much VFA can decrease the pH level so much that 
methane production stops. It is therefore an indicator that shows if  the 
bacteria work properely.   

The effluent samples from UASB 1 and 2 taken in the last working day 
in the week for VFA analysis using Dr. Lange Cuvette Tests. The samples 
were filtered before analysis. The measuring instruments are: 

 Dr. Lange Cuvette Tests: Organic Acids/Acides organiquesLCK365 
50 – 2500 mg/l 

 Hach Lange Thermostat LT200 

 Dr Lange XION 500 spectrophotometer. 

5.5.2. COD 

Chenical Oxygen Demand (COD) is a measurement of  chemical oxygen 
demand and is a measurement of  how the polluted the water is. Four 
samples of  influent and effluent were collected once at the end of  every 
week. The CODtotal was analysis from unfiltered samples with Dr. Lange 
Cuvette Tests. The four main measuring instruments were listed as 
follows: 

 Dr. Lange Cuvette Tests: COD LCK 114, 150-1000 mg /l O2 

 Dr. Lange Cuvette Tests: COD LCK 314, 15-150 mg /l O2 
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 Hach Lange Thermostat LT200 

 Dr Lange XION 500 spectrophotometer. 

5.6. Biogas measurement 

Biogas is the energy output by the UASB system which is the key study 
in the project. On average the biogas is consisting of  78 % (s.d. 5.8 %) 
CH4, 22 % (s.d. 5.7 %) of  CO2 and traces of  H2S (<0.5 %) (Graaff  et al, 
2010). The volume of  biogas and CH4 concentration were measured 4 
times per week. The measuring instruments were: 

 Flonidan Callus2000 Smart Gas Meter 

6. RESULTS  

6.1. Influent pump correction curves 

The influent pumps for UASB system are NEMO progressing pump 
made by NETZSCH Company. The UASB system hadn’t been properly 
operated with carefully maintainment for a long time. According to the 
pump’s manual, this type pump needs to be corrected every 6 months. 
The correction was done by starting the pump from 10 % power and 
gradually increasing to 100 % while the flow rate was measured (Fig. 7). 
If  the pump is at standard working status the curves should be a straight 
line. The pump for UASB 1 was showed to be at better working status 
than the pump for UASB 2. The min and max flow rates were 0.26 m3/h 
and 2 m3/h. The pumps  power were set 35 % and 58 % for UASB 1 and 
2 which equals to 0.73 m3/h and 1.4 m3/h flow rate respectively.  

Hydraulic Retention Time (HRT) of  UASB 1 was 4.2 h for both 
experimental periods. HRT of  UASB 2 for second experimental period 
was 2.2 h and for the third period was 4.2 h. The SRT was both 200 days. 

6.2. Temperature in different periods 

Temperature is the studied control factor in the project which can 
seriously affect the anaerobic process such as CODtotal removal and 
biogas production. According to the designed experimental plan, UASB 

Fig. 7. Influent Pump Power Corrections Curves of  UASB 1 and 2 
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reactors got 2 periods temperature growth. In order to avoid damage to 
bacteria in reactor the temperature was controlled less than 37 °C. Fig. 8 
shows temperature inside reactors. UASB 1 started at 19 °C and reached 
the highest temperature 34.2 °C on 32th of  June. While UASB 2 started 
at 20.5 °C and ended at 36.8 °C. Temperature in UASB 1 was better 
controlled and it was more stable at each temperature and could thus 
provide better conditions for bacteria to adapt to new temperatures. The 
bad temperature control in UASB 2, especially in period two, was 
because the influent of  UASB 2 was the mixed water of  heated UASB 1 
effluent and raw influent at low temperature. The situation became 
better when the two reactors changed to work in series.  

6.3. Pre- sedimentation performance  

The pre-sedimentation tank was used to remove big partials, reducing 
COD and TSS in order to provide better working condition to the UASB 
reactors. The volume of  the pre-sedimentation tank was 3.79 m3 with 
3.5 m3 useful volume. The radius is 0.95 and 2.84 m2 useful surfaces. 
During the experimental period the inflow to pre-sedimentation tank 
was 1.4 m3/h. and the Hydraulic Retention Time (HRT) was 2.5 hours. 
Fig. 9 shows the Influent, effluent, CODtotal removal and removal rate of  
the pre-sedimentation tank. The influent CODtotal usually fluctuated with 
the municipal sewage coming to Henriksdal WWTP. The mean CODtotal 
removal and removal rate were 75 mg/l and 18.4 % and with the highest 
values 99 mg/l and 22 %. According to the curves, the pre-
sedimentation CODtotal removal efficiency didn’t affect much on influent 
CODtotal load while temperature had greater impact. When influent 
CODtotal rose from 297 mg/l to 450 mg/l at 18.9 °C, the CODtotal 
removal rate only rose from 20.54 % to 22 %. (The low value that 
13.82 % at 18.9 °C was because water recycling from sludge thicken tank 
back to pre-sedimentation tank in that week). But when temperature rose 
from 18.9 °C to 21 °C, the removal rate decreased from 22 % to 14.47 %. 
Removal rate was reduced 34.22 %. The wastewater need about 1 day 
coming to Henriksdal WWTP through long pipeline. Higher climate 
temperature leads to higher bacteria activities in the pipeline. More 

Fig. 8. Temperature Curves of  UASB 1 and 2 at Different Date 



Chengyuan Zhao TRITA LWR Degree Project 11:35  

 

18 

settleable solids decomposed to suspended solids by bacteria causing 
decrease of  pre-sedimentation removal efficiency. The decrease of  pH 
value of  inflow during higher climate temperature also proved that there 
were some biological reactions before and inside pre-sedimentation tank. 

6.4. pH 

According to Antonopoulou et al (2008) the optimum pH in the reactor 
should be in the range of  6.5 to 8, as this is suitable for acetogens and 
methanogens. The highest inflow pH to UASB system was 8.01 on 20th 
May while the outflow pH value of  UASB 1 and 2 were 7.23 and 7.21 
respectively (Fig. 10). At mean CODtotal 350 mg /l in the reactors, the pH 
was about 7.07 compared with the pH of  approximately 7.9 in the 
influent wastewater. The pre-sedimentation also had the ability to 
decrease pH a little before the UASB system providing better conditions 
for the UASB system. The pH in UASB reactors was fairly stable during 
the whole experiments period and were almost the same at different 
temperature even though the pH of  influent sometime fluctuated 

Fig. 9. The CODtotal Removal Rate in Pre-sedimentation Tank  

Fig. 10.  The pH Value Variation at Different Temperature 
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above 8. The bacteria in reactors showed a large adaptability for 
temperature and pH variation. The main reason for this was the 
dissolution of  CO2 which was produced during anaerobic degradation 
formed a buffering species. 

6.5. VFA 

Volatile Fatty Acids (VFA) value was used as a chemical indicator for the 
UASB reactors. According to the operation manual the VFA should not 
exceed 200 mg/l otherwise there would be some internal problems to 
the methanogens in UASB that could not have enough activity to 
convert COD to methane or the reactors may be overloaded (Björnsson 
et al., 1997). During the experimental period, the concentration of  VFA 
in UASB 1 and 2 were consistently under 40 mg/l in both reactors 
(Fig. 11). At different operating temperatures both reactors were very 
stable in terms of  VFA degradation. The stable VFA concentrations 
indicate that the Organic Load Rates (OLR) were in the suitable range to 
reactors and the HRT for the two reactors were long enough in both 
period 2 and 3.  

Fig. 12. The CODtotal Value of  UASB 1 at Different Temperature  

Fig. 11. The VFA Value in UASB Reactors at Different OLR Load Rate 
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VFA concentration was in both reactors more affected by OLR values 
rather than on operating temperature. The OLR values in UASB 1 and 2 
raise from 6.15 g COD/ (l*day) to 7.849 g COD/ (l*day) and 
9.079 g COD/ (l*day) to 13.05 g COD/ (l*day), and VFA concentration 
also rise from 18 mg/l to 36.7 mg/l and 13.7 mg/l to 25.6 mg/l 
respectively. When OLR values decreased reduced also the VFA 
concentration reduced. There was no regular pattern between VFA 
concentration and temperature. 

6.6. CODtotal   

CODtotal in the influent and effluent value of  UASB 1 and 2 at different 
operating temperature are shown in Fig. 12 and 13. The influent CODtotal 
concentration of  UASB 1 and 2 greatly fluctuated in the range of  
236 mg/l to 526 mg/l and 110.5 mg/l and 375.5 mg/l respectively, with 
the municipal sewage coming to Henriksdal.  

The highest CODtotal in effluent from UASB 1 was 303 mg/l at 26.8 °C 
with influent 448 mg/l CODtotal while the lowest CODtotal in effluent was 
110.5 mg/l with influent 256 mg/l at 33.5 °C. The highest CODtotal in 
effluent from UASB 2 was 350 mg/l at 26.4 °C.After the UASB 2 was in 
series with UASB 1 at 28.6 °C the effluent CODtotal became much lower 
and with little CODtotal reduction. This happened because after treatment 

Fig. 13. The CODtotal Value of  UASB 2 at Different Temperature 
 

Fig. 14. Biogas Production of  UASB 1 and 2 at Different 
Temperature. 
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from UASB 1 there was not enough CODtotal that can be used for 
methanogens. UASB alone cannot meet the treatment requirements for 
wastewaters in Sweden and need post-treatment to remove residual 
COD and to recover nutrients. 

6.7. Biogas production and methane concentration 

The total volume of  biogas collected from the UASB reactors per hour 
at different temperature is shown in Fig. 14. Based on the experimental 
plan, the whole biogas production was divided into two periods due to 
the heat exchanger without enough heating capasity. Before 26 °C then 
UASB 1 was period II, HRT was 4.2 h with 0.73 m3/h. In the beginning 
the biogas production was 23.1 l/h at 19 °C and highest production 
48.23 l/h was achieved at 26.8 °C. There was a continually growth in 
biogas production with temperature rose. In period III the HRT was still 
4.2 h but influent was only 0.5 m3/h with 0.23 m3/h recycling. With the 
CODtotal load rate decrease in UASB 1, the biogas production reduced a 
lot to only 24.76 l/h at 29 °C. But still got a continually growth line with 
temperature raise. The highest production was 37 l/h at 32.3 °C in 
period III. 

The trend for UASB 2 in period II was the same as for UASB 1, with 
starting biogas production of  14.77 l/h at 20.5 °C and the highest 
production of  24.98 l/h at 25.3 °C (Fig. 14). After that UASB 2 was 
working in series with UASB 1 in period II, biogas production showed a 
huge reduction to an average of  only 1 l/h. This was mainly caused by 
the series connection of  two reactors. CODtotal load greatly affected the 
total volume of  biogas produced. The main biogas production study was 
only focus on UASB 1. But even before 26 °C when UASB 2 was in 
period II, the biogas production was still lower than in UASB 1. Since 
the HRT in UASB 2 (2.2 h) was only half  of  that in UASB 1 (4.2 h) in 
period II, Methanogens had short time to convert organics into biogas. 
This was also shown in the CODtotal reduction, that the removal rate in 
UASB 2 were always lower than in UASB 1 at all temperatures. 

The methane concentration in biogas from UASB 1 was 75, 80, 71, 75, 
81, 75 and 73 % at temperature 19, 26.8, 29.7, 30.5, 31.7, 32.5 and 34 °C 
(Fig. 15). The mean methane concentration was around 75 % in UASB 1. 
Temperature didn’t have any effect on methane concentration in UASB 1. 

Fig. 15. Methane Concentration Produced from UASB 1 and 2 at 
Different Temperature. 
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In UASB 2 the trend was the same and methane concentration was 80, 
78, 81, 80, 84, 78 and 78 % at temperature 20.5, 26.4, 29, 30, 31, 34 and 
36 °C (Fig. 15). Mean methane concentration in biogas from UASB 2 
was 80 %, which is higher than UASB 1 which is 75 %. The difference 
between the two reactors in period II was HRT, that in  UASB 2 was 
2.2 h shorter than in UASB 1 (4.2 h) and the flow velocity which was two 
times higher UASB 1. This led to better hydraulic mixing in UASB 2 
which could reduce methane solubility in wastewater (Brown N, 2006) 
thus increasing methane content in biogas. The result was as expected 
that the methane concentration was decrease in both reactors from 79 % 
to 75 % and 80 % to 78 % when temperature got higher. The pH 
decreased from about 7.23 to 6.9 in both reactors. The solubility of  CO2 
decreases at higher pH levels, which led to an increase amount of  CO2 
goingt into the gas phase lower methane concentration in biogas 
(Nkemka and Murto, 2010). Compared with methane concentration in 
sludge digester in Hammarby Sjöstadsverk, only about 50%, the UASB 
system had higher biogas quality.  

7. DISCUSSION  

7.1. UASB wastewater treatment efficiency 

The treatment efficiency of  anaerobic digestion processes is complex 
and varies significantly with different influent characteristics and 
operational conditions. The influent, effluent CODtotal concentration and 
CODtotal removal efficiency at different temperature are shown in 
Fig. 16.and 17. The CODtotal removal rate was based on concentration of  
influent CODtotal and effluent CODtotal. The highest CODtotal removal 
rate were 56.84 % at 33.5 °C in UASB 1 which was similar with data 
from 2006 when UASB system was carefully operated in a project 
(Jansson, 2006). UASB 2 achieved the two highest CODtotal removal rate 
38.05 % and 38.91 % at 20.5 °C and 31.3 °C respectively. Temperature 
shows great impact on CODtotal removal in UASB system, especially in 
UASB 1. In experimental period II, the CODtotal removal rate decreased 
from 51 % to 32.37 % as temperature increased from 19 °C to 26.8° C, 
even influent CODtotal concentration continually grew from 346 mg/l to 

Fig. 16. The CODtotal Removal Efficiency at Different Temperature in UASB 1 
 



Effect of Temperature on Biogas Production in Anaerobic Treatment of Domestic Wastewater UASB 
System in Hammarby Sjöstadsverk 

 

                                                                                                     23 

448 mg/l. After 26.8 °C the experiment on UASB 1 was in period III 
CODtotal removal rate started growing from 35.81 % to the highest value 
56.84 % at highest temperature 33.5 °C. The trend kept very well 
although there was a sharp decrease CODtotal concentration decrease at 
29 °C. The trend in UASB 2 was the same with UASB 1 in period II, 
CODtotal removal rate keeping reduce with temperature growing. After 
working in series with UASB 1 in period III, there wasn’t enough 
anaerobic biodegradable COD in influent to UASB 2. So CODtotal 
removal rate naturally stayed at extremely low level.  

Temperature shows greater affect than CODtotal load to UASB system in 
Hammarby Sjöstadsverk. Methanogens got higher activities in higher 
temperature above 30 °C to 33.5 °C. This can be shown when influent 
CODtotal concentration reached 275 mg/l, removal rate rapidly rose to 
38.91 % at 31.3 °C, and only low CODtotal load caused low CODtotal 
removal rate in UASB 2 in period III. Temperature range from 23 °C to 
29 °C is a transition zone from low temperature to moderate 
temperature for psychrophilic methanogens to mesophilic methanogens 
where both show low activities leading to poor CODtotal removal rate. 
HRT is another factor impact UASB wastewater treatment. Comparing 
HRT of  two reactors, UASB 1 got twice longer HRT (4.2 h) than UASB 
2 (2.2 h). UASB 1 got 13 % higher CODtotal removal rate than UASB 2 at 
nearly same temperature and influent CODtotal concentration. HRT 2.2 h 
was not enough for UASB 2 to get good CODtotal removal rate.  

7.2. Methane production at different temperature 

According to the experimental design, the research on efficiency of  
methane production was only focus on UASB 1. Fig. 18 represents the 
temperature course of  total collected volume of  methane production 
and OLR. The best amount of  collected methane was 38.1 l/h at 26.8 °C 
when OLR reach its highest value 7.849 g CODtotal/ (l*day), and worst 
value of  15.67 l/h at 30 °C, OLR 2.88 g CODtotal/ (l*day).  It shows a 
clear trend that OLR has great affect on the total volume of  collected 
methane product. Volume of  collected methane production grew from 
17.38 l/h to 38.1 l/h as OLR and temperature increased from 6.062 to 
7.849 g CODtotal/ (l*day) and 19 °C to 26.8 °C. It also sharp decreased to 

Fig. 17. CODtotal Removal Efficiency at Different Temperature in UASB 2 
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22.07 l/h with OLR own to 2.88 g CODtotal/ (l*day). There was another 
same trend at temperature 31.7 °C to 33.4 °C (Zhang et al, 2010).  

The methane yield rate was used to coampare the efficiency and 
methanogens activities of  UASB 1 at different temperature. The highest 
methane yield rate was 0.167 l/g CODtotal at highest experimental 
temperature 33.4 °C and OLR 3.072 g CODtotal/(l*day) (Fig.19), lower 
than theoretical COD converting to methane value 0.35 l/g COD. While 
the lowest yield rate was 0.068 l/g CODtotal at experimental temperature 
19 °C with OLR 6.885 g CODtotal/(l*day). The loss of  dissolved 
methane in effluent wastewater and equipment leaks caused the 
calculated methane yield rate lower than theoretical value.  

The linear trend of  methane yield rate in UASB 1 (Fig. 19) represents the 
methane yield efficiency and methanogens activities increasing as 
experimental temperature got higher regardless of  OLR variation. From 
19 °C to 33.4 °C methane yield efficiency rose about 145.88 %. This can 

Fig. 19. Methane Yield Rate at Different Temperature and OLR in UASB 1 

Fig. 18. Collected Methane Production at Variable Temperature and OLR in UASB 1 
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also proved in UASB 1 CODtotal Removal Efficiency (Fig. 16). If  the 
UASB system had a better heat exchanger it could continually rose 
temperature without decreasing the inflow rate to from 0.73 m3/h to 
0.53 m3/h, methanogens should have a better performence and the 
linear slop could be larger. Compared with Fig. 18, volume of  collecte 
menthane production was more depended on OLR and methanogens 
activities was more relevant with operating temperature. 

There were two reasons for the increasing methane yield rate with 
temperature growth. One of  them is methanogens activities get stronger 
at higher temperature. Fig. 20 represents methane solubility which has a 
great decrease in water as temperature growth. From 19 °C to 35 °C 
methane solubility reduces nearly 27 % which results more methane 
dissolved in water at low temperature changing into gas phase at higher 
temperature (Duan and Mao, 2006).  

At each set temperature range (i.e. 23.3 °C to 23.4 °C or 26.5 °C to 
26.8 °C); there was a peak in methane yield rate at the second 
temperature which was the third day after raise of  temperature at the 
beginning of  the week. This means the methanogens in UASB 1 adapted 
the new temperature and reach its best activities at the set temperature 
range just after three days. 

7.3. CODtotal mass balance in UASB 1 

In the UASB system, two main processes are responsible for CODtotal 

removal: one is solids entrapment (CODtotal accumulated in UASB tank, 
physical process), another is anaerobic biological organic material 
degradation (biological degradation) (Lew et al., 2004). The CODtotal 
mass balance was gained according to the Equation (11): 

Influence CODtotal = Effluent CODtotal + Methane production + 
Accumulated CODtotal                                                                         (11) 

Methane production was calculated at standard conditions with 
theoretical value of  COD converted to methane Equation (12):  

0.35l CH4= 1g COD (Zhang et al, 2010).                                             (12) 

Fig. 20. Methane Solubility at Different Temperature in Water. 
(Source:http://www.engineeringtoolbox.com/gases-solubility-
water-d_1148.html) 



Chengyuan Zhao TRITA LWR Degree Project 11:35  

 

26 

Fig. 21 represents the temperature impact on percentage of  CODtotal 
removal, CODtotal accumulated and CODtotal effluent. Based on COD 
mass balance biological degradation process was responsible for most of  
CODtotal removal by methanogens producing methane and carbon 
dioxide (22.01 % to 47.99 %). Only 8 % to 29.72 % influent CODtotal 

was accumulated in reactor as particulate materials or for sludge growth. 
43 % to 67.63 % of  influent CODtotal remained in the effluent. The 
conversion was the highest at 34.2 °C with value 47.99 %, and the lowest 
was at 19 °C with value 22.01 % where nearly half  of  was CODtotal 

removed by solids entrapment. With temperature rising, the percentage 
of  CODtotal converted to methane compared with influent CODtotal and 
CODtotal removal, the content continually went higher. The methanogens 
activities got stronger at higher temperature (30.5 °C to 34.2 °C). There 
are two reasons for CODtotal an accumulation in UASB 1 continually 
decreases with higher temperature: the higher operating temperature led 
to stronger methanogens activities; the other is some dissolved methane 
in wastewater was calculated into CODtotal accumulation and when 
temperature got higher solubility of  methane decreased so more 
methane get into gas phase rising volume of  methane production. This 
corresponds to the result with methane yield rate (Fig. 19).At two point 
26.8 °C and 29.3 °C where the sum of  methane production and effluent 
CODtotal was larger than influent CODtotal, the CODtotal mass balance 
showed no CODtotal accumulation. Comparing with methane yield rate 
(Fig. 21), there was also a sharp increasing in yield rate which reached 
second highest value at 29 °C, when CODtotal load was low with only 
small amount of  methane production (Fig. 18). Also in CODtotal removal 
efficiency (Fig. 16), when at 26.8 °C and 29 °C the CODtotal removal 
efficiency was at bottom only 32.37 % and 35.81 %. The methanogens 
activities were low at this temperature range (26 °C to 29 °C) and 
methanogens shouldn’t with such high methane yield rate (Fig. 19). The 
methane solubility decreased much from 19 °C to 29 °C (Yamamoto et al, 
1976). At 19 °C some methane was dissiolved in the water and was lost 
with the effluent water, which made the CODtotal accumulation to show a 
too high value. After the decrease in incoming CODtotal load rate at 

Fig. 21. Mass Balance as Percentage of  CODtotal of  Effluent, Accumulated and 
Methane at Different Temperature.  
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26 °C to 29 °C the the methane bacteria which had been growing at 
earlier higher load rate get less substarate to consume and a larger part 
of  the substrate was used by the bacteria resulting in a higher yield rate, 
leading the two strange points in Mass balance (Fig. 21) and methane 
yield rate (Fig. 19). The pulse eruption of  biogas at the two strange 
points (26 °C to 29 °C) also indicates the up flow velocity in UASB 1 was 
not enough to provide well hydraulic mixing during the experiment.   

7.4. Energy balance in UASB 1 

Table 5 shows the equipments’ power of  output energy and swage, 
methane calorific properties. Equipments consuming energy was one 
effluent pump and one mixer engine. Methane as a renewable energy, the 
material the equation of  combustion reaction is Equation (13): 

CH4 + 2O2            CO2 +2H2O   ∆H = -890 kJ/mol.                         (13) 

                                                                              (14) 

*Qenergy= methane calorific value per cubic meter [kJ/m3]   

∆H = methane calorific value per mol [kJ/mol] 

The theory energy methane contained is 39732 kJ/m3 Equation (14) 
calorific value (Chin and Resasco, 1999) calculated as the output energy 
generated from UASB system. Comparison of  input and output energy 
in UASB 1 represents in Fig. 22. The largest energy output was 
1513.94 kJ/h at 26.8 °C when the UASB had the highest volume of  
methane production. However the largest input of  energy was 
32328.44 kJ/h at 33.4 °C. These high values of  swage heat capacity make 
that heating influent cost a huge amount of  energy (Zhang et al, 2010). 
Energy consumption for influent pump and mixer engine was almost 
negligible at high temperature. Input energy was always larger than 
output energy. Only when working without heating was the input and 
output energy nearly the same. Once the UASB was operating with 
heating, the input energy was immediately much higher than output 
energy. One solution for the huge difference between input and output 
energy at high working temperature is improving energy recycling. Using 

Fig. 22. The Energy Balance of  Input and Output in UASB 1 System. 
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heat pump to recycle the heat in outflow back to inflow and recycling the 
hot water inside heat exchangers can lower energy consumption and 
achieve better energy balance in UASB system. Working temperature at 
30 °C to 35 °C can get better CODtotal removal rate and methane yield 
rate.  

7.5. Uncertainty 

The inflow of  UASB system was coming from Henriksdals WWTP. It is 
hard to maintain the characteristics of  inflow and only evaluate the 
temperature effect on the reactors performance like in the laboratory 
scale experiment. A highly variable COD concentration, OLR and pH of  
inflow cannot be avoided. Due to the limited capacity of  heater 
exchangers, the temperature cannot rose as the designed inflow rate and 
had to give up UASB 2 and reduce inflow rate, add wastewater recycling 
to UASB 1. This caused influence to the bacteria activity at higher 
temperature and increase difficulty in biogas production analysis. The 
methane yield rate should have been better at higher temperature, if  the 
inflow was maintained at designed flow rate. There was also a fluctuation 
in temperature control. Usually a fluctuation of  ±1°C was observed at 
set temperature. Because of  time limitation, each temperature was 
maintained one week to adapt new temperature. Longer time should be 
given to each set temperature to let bacteria be more stable new 
condition.  

Methane dissolved in outflow is changing at different temperature and 
affects the results of  biogas production and methane yield rate. The 
amount of  methane dissolved was not measured duo to the equipments 
limitations. The dissolved COD was not measured, and thus it is difficult 
to evaluate sludge characteristic at different temperature. The systematic 
error of  measuring instruments and chemical analysis are also increase 
the uncertainty. 

8. CONCLUSIONS AND RECOMMENDATIONS   

Literature study and experimental results presented in this thesis show 
the effect of  temperature and OLR value on biogas production and 
CODtotal removal efficiency in Line 4-UASB system in Hammarby 
Sjöstadsverk Research and Development Facility. Temperature rising 
from 19 °C to 35 °C achieves a general benefit result in methane yield 
rate and CODtotal removal efficiency. The main conclusions are given 
below: 

 The CODtotal removal efficiency of  pre-sedimentation tank is highly 
affected by temperature. At 18.9 °C, the CODtotal removal efficiency 
is stable around 21 %. 

Table 5 The  Equipments and Properties of  Input and Output Energy 

Equipments and factors Power Reference 

Effluent pump 0.55 kW *1 

Mixer engine 0.1 kW *2 

Swage heat capacity 4.054 kJ/(l*℃) Zhang et al,(2010) 

Methane heat value 39.732 kJ/m
3
 Chin and Resasco ,(1999) 

*1: 50WQD10-8-0.55 (Source: http://www.fypumps.com/images/pdf/2009642234101.pdf) 

*2: AB10 63A2B31F230/500.10 (Source: http: //motorsearch.cempinternational.com/search. php?f=AG) 
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 pH and VFA value can give useful information about the working 
condition inside the UASB reactor. The pH value stable at around 7 
and VFA always lower than 40 mg/l in both reactors notes the 
anaerobic reaction process going on well though the temperature rose 
up and fluctuation of  influent CODtotal. Usually VFA increasing was 
noticed together with pH decreasing. 

 Temperature showed greater impact on CODtotal removal efficiency 
than OLR. CODtotal removal efficiency in UASB 1 achieved best 
result 56.84 % at 33.4 °C with OLR 3.072 g CODtotal/(l*day). While 
UASB 2 get its best CODtotal removal efficiency 38.91 % at 31.3 °C 
with OLR 3.3 g CODtotal/ (l*day). Mesophilic methanogens had 
higher CODtotal removal efficiency than psychrophilic methanogens. 
Temperature between 26 °C and 29 °C was the transition zone from 
psychrophilic temperature to mesophilic temperature, and both 
methaneogens were not active at the transition zone. UASB system 
should avoid to working at this temperature zone.  

 Methane yield rate and methaneognes activity were both increase with 
temperature rise. And the amount of  biogas production was affected 
by OLR. The highest methane yield rate was 0.167 l/g CODtotal at 
highest temperature 33.4 °C with OLR 3.072 g CODtotal/ (l*day) in 
UASB 1. And largest amount of  biogas value is 38.1 l/h at 26.8 °C 
with highest OLR 7.849 g CODtotal/ (l*day).  

 The methane yield rate and CODtotal balance at two point 26.8 °C and 
29.3 °C showed there was pulse eruption of  biogas indicates the up 
flow velocity in UASB 1 was not enough, and HRT (4.2 h) in UASB 
should be shorter.  

 The optimal working temperature of  UASB 1 is 31 °C to 34 °C with 
HRT 4.2 h, OLR 4 to 6.5 g CODtotal/ (l*day), if  not considering 
energy consumption. For the purpose to operate UASB at high 
temperature, larger capacity of  heat exchanger is needed. Another 
working condition is also acceptable which can get minim energy 
consumption and energy balance: OLR 6 to 6.5 g CODtotal/ (l*day) at 
climate temperature with higher up flow velocity. The UASB 1 and 2 
is better work in parallel, if  have to work in series extra OLR is 
needed to UASB 2.  

Further study can focus on energy recycling to reuse the heat in outflow 
at high working temperature in order to achieve better energy balance. 
The method and instrument of  extraction of  dissolved methane at low 
temperature is also meaningful since low working temperature can get 
excellent energy balance and the solubility of  methane at low 
temperature is very high. 
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APENDIX A  –  UASB  WASTEWATER TREATMENT DATA . 

Table 1A The Wastewater Treatment Data of UASB 1 

Time UASB 1 pH 

OLR 

g CODtotal/(l*day) Effcicency % 

COD(3) mg/l VFA mg/l Temperature°C 3 UASB 1 UASB 1 

10-May 171 27.2 19   6.062  50.58%  

13-May 172 18 19 7.19 6.150  51.00 % 

20-May 206 12.2 23 7.23 6.885  47.58 % 

25-May 303 36.7 26.8 7.03 7.849  32.37 % 

3-Jun 151.5 7.14 29.8 7.12 2.832  35.81 % 

10-Jun 175 12.7 31 7 3.900  46.15 % 

17-Jun 275 18.5 32.5 6.89 6.312  47.72 % 

23-Jun 110.5 15 33.5 6.9 3.072  56.84 % 

Table 2A The Wastewater Treatment Data of UASB 2  

Time UASB 2 pH 

OLR 

g CODtotal/(l*day) Effcicency % 

COD(4) mg/l VFA mg/l Temperature°C 4 UASB 2 UASB 2 

10-May 180 15.3 20.5   8.975  30.37 % 

13-May 162 13.7 20.5 7.2 9.079  38.05 % 

20-May 236 16.8 23.1 7.21 10.400  21.20 % 

25-May 350 25.6 26.4 7.01 13.050  6.79 % 

3-Jun 143 7.44 28.6 7.1 1.818  5.61 % 

10-Jun 150 13.2 29.9 6.94 2.100  14.29 % 

17-Jun 168 20.1 31.3 6.89 3.300  38.91 % 

23-Jun 104.75 4.51 37 6.9 1.326  5.20 % 

Table 3A The Wastewater Treatment Data of Pre-sedimentation Tank 

Time 
Incoming water pH 

Temperature°C Efficiency % 

COD(1) mg/l COD(2) mg/l 1 2 

10-May 439 346     18.9  21.18 %  

13-May 450 351 8 7.79 18.9  22.00 %  

20-May 456 393 8.19 8.01 18.9  13.83 %  

25-May 433 448 7.99 7.9 18.9    

3-Jun 297 236 7.54 7.51 18.7  20.54 %  

10-Jun 380 325 7.92 7.84 21.0  14.47 %  

17-Jun   526   7.6 21.3    

23-Jun   256   7.7 17.7    
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II 

APENDIX B  –  BIOGAS PRODUCTION DATA . 

Table 1B The Biogas Production Data of UASB 1  

Biogas UASB 1 m³ ∆ 1 m³ Biogas l/h Temperature°C CH4  % 

9-May 1173.574 6.85 25.95  19 75% 

10-May 1174.107 0.533 23.17  19   

12-May 1175.34 1.233 25.69  19   

13-May 1175.977 0.637 26.54  19   

16-May 1177.901 1.924 26.72  19   

19-May 1180.081 2.18 30.28  24.5   

20-May 1180.945 0.864 36.00  22.8   

24-May 1184.823 3.878 38.78  27.4   

25-May 1185.86 1.037 48.23  26.5   

26-May 1186.577 0.717 31.17  26.8 80% 

31-May 1189.511 2.934 24.76  25.4   

1-Jun 1190.215 0.704 26.57  29.7   

3-Jun 1191.244 1.029 22.87  29.8   

7-Jun 1193.3625 2.1185 22.07  29.6 71% 

9-Jun 1194.701 1.3385 25.99  31 70% 

10-Jun 1195.32 0.619 30.20  30.7 77% 

13-Jun 1197.814 2.494 32.60  32.7   

16-Jun 1200.224 2.41 33.94  31.7 81% 

17-Jun 1201.112 0.888 37.00  32.5 80% 

21-Jun 1203.721 2.609 26.35  32 73% 

22-Jun 1204.409 0.688 28.67  34 75% 

23-Jun 1205.02 0.611 25.46  33.5 73% 
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Table 2B  The Biogas Production Data of UASB 2  

Biogas UASB 2 m³ ∆ 2 m³ Biogas 2  l/h Temperature 2 °C CH4 2 % 

9-May 369.74 3.899 14.77  20.5 80% 

10-May 370.093 0.353 15.35  20.5   

12-May 371.011 0.918 19.13  20.5   

13-May 371.48 0.469 19.54  20.5   

16-May 372.735 1.255 17.43  20.5   

19-May 373.579 0.844 11.72  21   

20-May 373.962 0.383 15.96  23.1   

24-May 375.947 1.985 19.85  24   

25-May 376.484 0.537 24.98  25.3   

26-May 376.832 0.348 15.13  26.4 78% 

31-May 377.78 0.948 8.00  25.4   

1-Jun 377.858 0.078 2.94  28.6   

3-Jun 377.913 0.055 1.22  28.6   

7-Jun 378.005 0.092 0.96  29 81% 

9-Jun 378.06 0.055 1.08  30 81% 

10-Jun 378.078 0.018 0.88    81% 

13-Jun 378.151 0.073 0.95  31   

16-Jun 378.273 0.122 1.72  31 84% 

17-Jun 378.3 0.027 1.32  31.3 82% 

21-Jun 378.3825 0.0825 0.83  30.9 80% 

22-Jun 378.4005 0.018 0.75  34 78% 

23-Jun 378.44 0.0395 1.65  36 78% 


