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Abstract 

The purpose of this Master thesis is to study two different ways of start-up in 

anaerobic digesters under thermophilic conditions. As awareness for energy supply is 

growing, municipal waste water treatment uses a common treatment to stabilize 

sewage sludge which is called, anaerobic digestion (AD). Anaerobic digestion can 

transform the organic matter to combustible biogas which contains 60-70% methane. 

Biogas is usually referred to as a mixture of carbon dioxide (C02) and methane gas 

(CH4). The most common way to anaerobically treat sewage sludge at wastewater 

treatment plants in Sweden is on mesophilic conditions (30-40℃). Only 12 plants in 

the country treat sewage sludge in thermophilic conditions 50-60℃. Mesophilic 

digestion is considered as a more stable process but requires a longer hydraulic 

retention time to reach digestibility compared to thermophilic digestion. The higher 

temperature also enables a pathogenic destruction capacity which means that 

thermophilic digestion can be used as a sanitation method for sewage sludge. 
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Summary in Swedish 

Syftet med detta examensarbete är att undersöka två olika startsätt i anaeroba 

rötkammare i termofila förhållanden. Då medvetenhet om energiförsörjningen växer 

använder kommunala reningsverk en vanlig behandling för att stabilisera 

avloppsslam som kallas, rötning (AD). Anaerob rötning kan omvandla organiskt 

material till brännbar biogas som innehåller 60-70% metan. Biogas består utav en 

blandning av koldioxid (C02) och metangas (CH4). Det vanligaste sättet att anaerobt 

behandla avloppsslam vid reningsverken i Sverige är mesofil rötning (30-40 ℃). 

Endast 12 anläggningar i landet behandlar avloppsslam i termofila förhållanden 50-

60 ℃. Mesofil rötning betraktas som en mer stabil process men kräver en längre 

hydraulisk uppehållstid jämfört med termofil rötning. Den högre temperaturen 

medför även en patogen förstörelsekapacitet, vilket innebär att termofil rötning kan 

användas som en hygieniseringsmetod för avloppsslam. 
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Introduction 

   

1.1 Background  

According to Swedish Environmental law all municipalities have to present a waste 
management plan which will include all kinds of waste that are generated within the 
municipality (Växtkraft-project Västerås January 2007). The main aim of that plan is 
to launch goals, strategies, and actions in order to develop and promote 
environmental sustainability for all waste streams. Each society or community 
generates both fluid and solid waste but also, emissions. Waste and wastewater is 
actually, the water supply from the community after it has been used in a variety of 
purposes. The main goal in wastewater and environmental engineering is the 
protection of human health. In order to do that knowledge must be applied into the 
society. Untreated water can accumulate all kind of pathogenic microorganisms.  An 
additional issue in untreated wastewater is that, wastewater has nutrients which can 
stimulate the increase of aquatic plants, and therefore it is a possibility that may 
contain toxic compounds (Tchobanoglous et. Al., 1991). 

Disposal sludge is an increasing problem when treating municipal wastewater. 
Energy consumption states about 30% of total operating cost of wastewater treatment 
plants. Fossil fuels, energy efficiency and consumption, it is an enormous challenge 
that developed countries need to consider in near future. In order to treat municipal 
wastewater, the removal of sludge is an issue that needs to be consider representing 
up to 50% of the existing operating costs of wastewater treatment plant (Fenxia Ye et 
al., 2014). 

However different disposal directions are possible such as anaerobic digestion (AD). 
Anaerobic digestion is a process that has been tested and accepted for the production 
of biogas from sewage sludge or in other words from anaerobic digestion at municipal 
wastewater treatment plants. Anaerobic digestion was recognised a most promising 
alternative comparing to other technologies mainly because of the enormous 
advantage of producing the multilateral renewable energy source biogas. Another 
additional advantage of AD is the recycling of nutrient, reduction of odour and 
improvement of fertilizing effects may be managed by other treatments also (Wright, 
2000). Anaerobic digestion plays an important role for its capability to transform 
organic matter into biogas (60-70% of methane, CH4) as at the same time it 
minimizes the amount of final sludge for disposal (Lise Appels et al., 2008). 

 Anaerobic digestion is a microbial process that produces biogas, a gas consisting of 
primarily methane (CH4) and carbon dioxide (CO2). The use of biogas as an energy 
source has numerous applications. However, all of the possible applications require 
knowledge about the composition and quantity of constituents in the biogas stream. 

In order to improve energy efficiency biogas steps in. Biogas production has a great 

potential as energy source. In present Västerås municipality provides with biogas 40 

buses and 14 garbage trucks (Mälarenergi AB, 2013) as at the same time the spread of 
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biogas production can lead to a sufficient substitute of fossil fuels to renewable 
energy. 

 
 
  
 
                                                                           Hydrolysis 
 
 
 
                                                                      Acidogenecis 
 
 
 
 

 
                                                  Acetogenesis   
 

 
 
 

 

Figure 1: Subsequent steps in the anaerobic digestion process. 

 
1.2 Aim and scope of this thesis. 

The aim of this thesis is to study the conversion from mesophilic to thermophilic 
anaerobic digestion of sewage sludge and the stabilization in thermophilic conditions 
in a two different way of start-ups. Tests were carried out in both ways as in a 
laboratory but also in full scale levels such as in Hulst in Netherlands 
(www.environmental-expert.com). There are several methods of starting up a 
thermophilic digestion. One is seeding with mesophilic inoculum. In this project, two 
anaerobic digesters of 8 dm3 were fed and one of the two reactors will be filled with 8 
liters each, with sewage sludge from the existing wastewater treatment plant, where 
the experiment took place. Furthermore, the temperature is increased from 35 ºC to 
55Cº directly, and a constant organic load (2.4 g Vs dm3/day) of a representative mix 
of primary sludge and waste activated sludge is applied to both reactors. The change 
in stability of the process and the time of recovery will be studied and monitored. The 
changes in dewaterability will also be studied with use of different polyelectrolyte’s 
(anionic, non-ionic and cationic electrolytes) but also, existed polymer from the 
wastewater treatment plant in Västerås. The two digesters will be fed continuously 
with sewage sludge 7 days/week until the middle of May 2015. During this period 
daily and weekly analysis of the income and outcome sludge will be measured.  
Measurement of the dewaterability will be tested by a CST-equipment on a regular 
basis with different polyelectrolytes.Thermophilic anaerobic digestion it has been 

Suspended organic matter 

Soluble organics 

Suspended organic matter 

Volatile fatty acids 

 

H2 CO2 

CH4 +CO2 
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tested as a more efficient process than mesophilic anaerobic digestion in a 
consideration of biogas production, stability, removal and pathogens disappearance. 
Some of the disadvantages of thermophilic digestion are that insufficient start up can 
cause instability problems and possibly failure of the system (Sophia Ghamineh et al., 
2012). Another issue is that; thermophilic digestion it is a longer process comparing 
to mesophilic.  

 
1.3 Structure of the Master Thesis  

Chapter 1: Introduction  

In this chapter a comprehensive approach is presented regarding the experimental 

procedure of the process. The aim of the project is also defined. 

Chapter 2: Theoretical background  

This chapter includes synopsis of the proposed experimental project including wider 
information about wastewater and sewage sludge treatment as long as the facility that 
has been used for the purpose of the study (WWTP Västerås). 

Chapter 3: Materials and methods 

Data collection, methodology and description of how the project was carried on are 
described in this chapter. Formulas and some calculations are presented also. 

Chapter 4: Results and Discussion 

That section discusses the outcome of the results and other different studies. Graphs 
and results are presented in this chapter including: 

 gas production  
 methane content 
 ORL  
 VFA & specific gas production presented in this chapter 
 

Chapter 5: Conclusions 

In this chapter conclusions and opinions are expressed regarding the experimental 
project and studies. 

Chapter 6: Future studies  

In this section recommendations for future studies or experiments presented, with 
reference of this Master thesis. 
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2. Theoretical background 

 

2.2 Anaerobic Digestion 

Today, food waste is a very useful way of renewable energy if microorganisms based 
bioenergy technologies, such as AD (Ghanimeh et al., 2012). Anaerobic digestion is a 
procedure which breaks down organic matter into simpler chemicals components in 
the lack of oxygen. By using this process can be very useful to treat arising organic 
waste such as sewage sludge, organic farm wastes, municipal and commercial wastes, 
industrial, green botanical wastes (Monnet, 2003).AD is a globally known technology 
regarding sewage sludge disposal, which can present a quick stabilization of organic 
matter , a drop of sludge volume and generation of energy from the produced biogas 
which is one of the goals.AD can be used on two different temperature ranges such us 
, 35-40 Cº which is the mesophilic condition,  and 50-55 Cº name thermophilic 
condition (Zhe Tian et al., 2015).AD has an ultimate goal , the reduction of sludge 
disposal. Which can lead to less cost on transport, energy or man power? Anaerobic 
digestion offers a wisely treatment for the sludge, but also the production of energy 
that can be used (Nazaroff and Alvarez-Cohen, 2009) .AD of municipal sewage sludge 
has been widely practiced since the 1900s including used sludge treatment (ibid). 
Generally, the process can convert around 40%-60% of organic solids into methane 
(CH4) and carbon dioxide (CO2). The chemical composition of the predicted gas 
through the process is around 60-65% methane and 30-35% carbon dioxide (Morillo 
et al., 2009). 

Furthermore, depending on the system design, biogas can be combusted to process a 
generator producing electricity and heat (called a co-generation system), burned as a 
fuel in a boiler or furnace, or cleaned and used as a natural gas replacement. The 
anaerobic digestion process also generates a liquid effluent (called digestate) that 
contains all the water, all the minerals and approximately half of the carbon from the 
incoming materials (DeBruyn and Hilborn, 2007).AD process itself, takes place in a 
digester or a series of digesters which can classify in relation to the temperature, the 
water content of the feedstock and also the number of the stage (single or multi) 
(Monnet, 2003). 

In addition, digester has different characteristics and properties, in this way can be 
more suitable to use for a specific feedstock. Common waste water treatment plans 
use mesophilic digesters (35-40 Cº) than thermophilic digesters (50-55 Cº) (ibid). 

Anaerobic process and treatment can be separated in two stages such as low rate 
systems and high rate systems. Low rate systems are when long HRT are applied and 
the opposite of the high rate systems when HRT is quite short. The low rate is usually 
used for waste flow (slurries, solid waste), which require a long time for efficient 
anaerobic digestion. High rate systems used for wastewater (Zeeman et al., 2003). 

One of the products that anaerobic digestion offers is gas.AD is a net energy-
producing process. The plant electrical and heat requirement is about 22% of the 
energy produced for dry processes, with 78% available for export as either a natural 
gas substitute or as other forms (Verma and Shefali, 2002). 
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Commonly, there are four options for using excess energy from AD 
plants: 

Clean the biogas to extract the methane gas, which can then be exported off-site and 
sold as a substitute for natural gas; 

Burn the methane gas in an internal combustion engine to produce electricity for 
sale off site while collecting heat from the engine’s exhaust and cooling system to 
produce steam or hot water; 

Burn the methane gas in a boiler to produce steam for use onsite and sale off-site, or 
convert methane gas into compressed natural gas (CNG) for use as a fuel source 
for light and heavy-duty vehicles. Vehicles powered by CNG, such as municipal buses, 
offer a number of positive environmental benefits including reduced noise levels and 
cleaner emissions compared to diesel-powered vehicles. Operators of compressed 
natural gas -motorized vehicles have reported that vehicle maintenance costs are 40-
50% which is lower than other fuels such as diesel (ibid). 

Other benefits through AD can be either for cooling systems or heating. It is all 
depending from the facilities that a waste water treatment plant can have.  

2.1.1  Sludge treatment through anaerobic digestion  

Occasionally anaerobic digestion has been used in wastewater treatment plants for 
stabilization of sewage water, as it is one of the most key factors of energy production. 
Beneath anaerobic conditions, organic materials are biodegraded through a 
compound of the micro-biological process which is followed by a greater production 
of biogas with high methane content (CH4). Anaerobic digestion is a sequence of 
biological procedures in which microorganisms degrade organic material in the lack 
of oxygen. One of the last stage and products is biogas, which is combusted to 
produce electricity and heat or can be into renewable natural gas and transportation 
fuels. A variety of anaerobic digestion technologies are renovating livestock manure, 
municipal wastewater solids, food waste, high strength industrial wastewater and 
residuals, fats, oils and grease (FOG), and various other organic waste streams into 
biogas, 24 hours a day, 7 days a week. 
 
In accordance to ¨Miljörapport, Kungsängens reningsverk 2013¨, the excess sludge 
from biological treatment stage is pumped back to the sand trap and sediment 
together with primary sludge, within the primary sludge sedimentation. Thereafter, 
sludge has been pressed where the hairs and fibbers separated before moving on to 
gravity thickener. In the thickener is added to the polymer and the TS (total solids) 
content of the sludge is increased 2-4%. After thickening digested sludge transferred 
in two reactors with an average time of 20 days. Usually, during the mesophilic 
process, the temperature of the reactor is raised up till 36 ℃ but in this project, the 
temperature will rise directly over 50 ℃. After digestion, the collected sludge is 
transferred to a buffer tank. Thereafter the sludge is dewatered. To achieve an 
efficient sludge dewatering a possible addition of polymer can be added. 
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2.2  Theoretical background and origin of sewage sludge treatment. 

2.2.1  Dewater ability  

According to Ruiz-Hernando et al 2013, sewage sludge composed mostly of microbial 
cells and water. The quantity of water that can be removed from sewage sludge is an 
enormously high percentage about 95%-99% for primary sludge, and 98-99.5% for 
secondary sludge. However, water removal it is not just depending on dewatering 
process but also on water’s natural position in sewage sludge. Kopp and Dichtl et al., 
2001 noted four parameters of water and sewage sludge: (1) free water, which can be 
easily removed by sedimentation; (2) interstitial water, which could be freed by 
intense mechanical forces; (3) surface water, which is held on the surface of solid 
particles by adsorption and adhesion; and (4) chemically bound water, which cannot 
be removed completely even by higher energies. Therefore, bound water is one of the 
main limiting factors of water removal efficiency. 

The reason of sludge dewatering is to decrease the moisture content in order to 
simplify sludge handling and transportation fees. In this thesis the dewaterability 
tests that performed showed that in thermophilic conditions, it was harder to dewater 
the sewage sludge, by using polymer from Västerås wastewater treatment plant. On 
the other hand, a variety of polymers where tested, in order to find a more effective 
polymer for a stabilized floc. Another approach of dewatering sewage sludge invented 
or initiated from Novak et al., 2000. The amount of under graded EPS (extracellular 
polymeric substances) can cause a major impact in dewaterability.  

Additionally, the BR02 appeared to reach stability phase faster than the BR01 under 
the same conditions of fed, temperature and HRT.On the other hand as has been 
tested in this experiment the amount or type of polymer can increase the cost of 
dewatering process, which depends on sludge type (Nielsen and Petersen, 2000). 

Waste water treatment plans and authorities are in need of alternative disposal 
solutions due to rapid urbanization problem that leads to the growth of sludge 
production. Some methods of sludge transformation and disposal have presented 
from Andreoli et al. 2007. Thermal drying, wet air oxidation, incineration, landfill 
disposal. The importance of sludge disposal is the environmental impact in air 
through odors and toxic gasses at surface water through drainage or sludge transport 
run off (ibid).2.2.2  Basic wastewater and sludge treatment 

Wastewater treatment composes a series of processes through which pollutants are 
removed so as to produce a clean effluent. The sewage water that enters the 
wastewater plant has a high content of organic waste. Sewage sludge is the waste 
sludge produced by treating sewage water. Human beings and general commercial 
activities produce a huge amount of wastewater into the natural environment. 
Considering the increase in living standards and the development of technology the 
different waste streams have been increasing potentially.  

When treating municipal wastewater, the disposal of sludge is a problem of growing 
importance, representing up to 50% of the current operating costs of a wastewater 
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treatment plant. Municipal WWTPs generate sludge as a consequence of the physical, 
chemical and biological processes used during treatment. Current daily amounts, 
expressed as dry solids (DS) range from 60 to 90 g DS per population equivalent i.e. 
nearly 10 million tons of dry sludge per year for the EU (Lise Appels et al., 2008). 

In order to reduce this amount of disposal which demands energy consumption, 
sludge must undergo a kind of treatment. This treatment results in reducing the 
water content of the sludge, transforming the highly putrescible organic matter into a 
fairly stable organic or inorganic remains while the condition of remains is to meet 
disposal acceptance requirements.  

Quality and quantity controls are both vital in terms of financial and technical 
management (Andreoli, et al., 2007). As the cost of transportation is quite high, 
strategies of dewatering and handling must be managed wisely from the wastewater 
treatment plants. 

The stage that wastewater going through in wastewater treatment: 

 pre-treatment 

 primary treatment  

 secondary treatment 

 tertiary treatment   

 
The pretreatment of wastewater treatment is a series of physical procedures that 
are focus on screening and particles removal (e.g grit, gravel, rubble) but also fat 
separation. Wastes that separated through these processes are to be disposed. 

The primary treatment consists physical but also some chemical operations. One 
of the main operations in the primary sedimentation through sedimentation tanks. 

The secondary treatment often is biological and consists of the biodegradation of 
organic compounds that are dissolved in the wastewater. Most commonly biological 
reactors operate under aerobic or anaerobic condition continuously with suspended 
or fixed biomass. 

Tertiary treatment is an additional procedure targeting the final purification 
usually from nutrients removal such as nitrogen and phosphates. 
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2.2.3  Sewage sludge treatment  

 Sludge thickening 

 sludge stabilisation 

 sludge conditioning  

 sludge dewatering  

 

2.2.4  Sewage sludge composition  

 High contents of water and organic matter 

 Variable concentration of nutrients 

 Presence of organic and inorganic micro pollutants  

 presence of pathogen 

 

 
2.3  The water journey through Kungsängen’s wastewater treatment plant.  

Around 50 million litres of wastewater is treated at Kungsängsverket in Västerås 
every day and as an addition to that, there are also four smaller treatment plants 
(Kärsta, Skulltuna, Orresta and kvicksund) which two of those will be shut down in 
the next few years as a result from it the wastewater from these two will be pumped 
into Kungsängsverket instead. 

Kungsängsverket was put into operation in 1938 and has been expanded in several 
stages. In 1956, the plant was extended with the addition of the current digestion 
chamber. In 1965, an activated sludge plant was added and in 1972, chemical 
precipitation started to be to be used for phosphorus removal. A pumping station was 
built for the incoming wastewater in order to reduce odor originate from the plant. In 
1997 the plant the biological treatment stage was updated and extended with the 
addition of nitrogen removal. The has led to reduced emissions of nitrogen to lake 
Mälaren.  

2.3.1  Mechanical and Chemical Treatment Stages 

The influent comes to the wastewater treatment plant (WWTP) in Västerås (figure 2) 
from surrounding areas. A total of 127,956 of population connected to the treatment 
plant at the end of 2013. (See table 1. below regarding the distribution between the 
different municipal districts). 

A wastewater treatment cleaning process includes mechanical, chemical and 
biological process. The mechanical treatment consists of a fine screen, grit chambers, 
and primary sedimentation. It’s trapped in fine screens washed and stored in 
containers before being transported away by truck and burnt. The sludge that settles 
in the sedimentation proceeds to sludge treatment. For the chemical treatment 
applied pre-precipitation with iron sulfate (FeSO4). The chemical is added directly to 
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incoming water. The biological treatment is since 1998 adapted for nitrogen removal 
with pre-denitrification. 

 
 

Figure 2:  Diagram of waste water treatment plant in Västerås (Mälarenergi).Waste water treatment 
line :(1) Mechanical and chemical treatment stage ,1A) Inlet pumping station ,1B) Preliminary 
treatment ,1C) aerated grit chamber 1D) pre-sedimentation basins 1E) Bio pumping.(2)Biological 
treatment stage, 2A) Bio-basins 2B) Blowing engines 2C) Post-sedimentation basins 2D) Heat pump 
(3) Sludge handling 3A) Strain press 3B)Sludge thickener 3C)Digestion chambers 3D) Sludge storage 
3E) Sludge dewatering 3F) sludge silos for digested sludge 3G) Biogas methane 3H)The torch-a 
safety valve (4) Odor reduction filter (5) Reserve power station.  
 
Table 1: Wastewater distribution in different municipal districts. (Miljörapport Kungsängens 
reningsverk) 
Τhe total amount of people 127 956 which are connected to the treatment plant at the end of 
2013.This represents an increase of 1.700 people comparing to previous year according to 
Reningsverk.  
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2.3.2  Advantages and disadvantages of thermophilic and mesophilic digestion. 

 

Table 2: Advantages and disadvantages mesophilic vs thermophilic anaerobic digestion based on 
literatures and previous experiments. (M.A. De la Rubia et al. 2004) 

 

Advantages of 
Thermophilic and 
Mesophilic 

Stable operation at 
higher OLR and 
lower SRT 

Higher volatile 
solids reduction  

higher growth rate of 
bacteria and Archaea 

 Higher rate of 
biogas production  

Higher reduction 
of pathogen 
microorganism 

smaller reactor volume 

 Higher resistance 
to foaming 

Higher alkalinity  Better dewaterability 

 Higher heat and 
electricity recover 

Higher pH higher 
protein,carbohydrate. 

 Conversion to 
overloaded 
mesophilic 
reactors 

  

Disadvantages 
Thermophilic 

   

 Large quantities of 
dissolved 
materials in 
supernatant  

Higher VFA 
accumulation 

Higher NH3 
concentration  

 Worse 
dewaterability  

Worse odor Higher energy input 

 Poor process 
stability  

Effect of 
temperature 
fluctuations 
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3.  Methods and data collection  

The aim of this thesis is to study the conversion from mesophilic to thermophilic 
digestion of sewage sludge.  The conversion from the mesophilic to thermophilic 
demands a rapid increase in T from 37℃ to 55 ℃ with the retained organic load.  Two 
pilot-scale reactors used for the purpose of this experiment. Both reactors were fed 
with 8 dm3 of sewage sludge respectively. The project included a two different way of 
start-up such as the second reactor (BR02-inoculated) was inoculated in order to 
observe a more effective process of biogas production and possibly the conversion 
from the mesophilic to thermophilic demands a rapid increase in temperature from 
37℃ to 55 ℃ with the retained organic load. faster stability & dewater-ability, as in 
the first reactor (BR01 non-inoculated), the startup was a common feeding ( a 
mixture of sewage sludge). The daily analysis was carried out until 22nd of May were 
the process ended. The experiment was separated into two phases of 14 days 
respectively with a hydraulic retention time of 28 days. The temperature was kept 
constant on 55 ℃ in both reactors until the end of the process with organic load rate 
2.4g VS dm3 d-1. The effectiveness of the thermophilic AD in a two different way of 
start the conversion from the mesophilic to thermophilic demands a rapid increase in 
T from 37℃ to 55 ℃ with the retained organic load. T-up was monitored during the 
whole process. 

The results showed that during the AD, the inoculated reactor two (BR02) had 
slightly higher production of gas compared to the non-inoculated reactor one (BR01). 
Additionally, the BR02 appeared to reach stability phase faster than the BR01 under 
the same conditions of fed, temperature and. Differences also have been noticed 
during dewaterability tests, with reactor two to have a smaller consumption of 
polymer than reactor one. However, both reactors showed stability on the 13-15th day 
after the initial start-up.  

Furthermore, in order to analyze the dewaterability of the two reactors, CST 
measurement tests introduced. CST analysis and existed polymer from the WWTP in 
Västerås used in both reactors, in order to evaluate the dewaterability on 
thermophilic conditions (50-60℃) and observe differences between the inoculated 
and non-inoculated reactor. The results showed that under thermophilic conditions 
(50-60℃) dewaterability is not efficient in both reactors, compared to mesophilic 
conditions (30-40℃) in order to dewater the sludge. Another observation by testing 
the reactors with CST analysis was the consumption of polymer that has been used 
for both reactors. By testing the mixture in the non-inoculated reactor (on 50-60℃) 
the consumption on 10-second spin were 13.6%, on 40-second spin were 27.55% and 
on 100-second spin were 22.71%.   On the other hand, the inoculated reactor (50-
60℃) had shown that the consumption on 10-second spin were 43.3%, on 40-second 
spin were 23.75% and on 100-second spin were 35.45%. Clearly by considering the 
percentage differences on both reactors, the inoculated reactor (BR02), had a higher 
consumption of polymer under thermophilic conditions. 

VFA (Volatile fatty acids) has shown also a stability and decrease of fatty acids from 
day 15th in both reactors. Dominant VFA in reactor one (BR01) were propionate and 
acetate. The inoculated reactor two (BR02) has shown a higher concentration of VFA 
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than reactor one. During the first 15 days of the process, with dominant VFA to be: 
acetate, propionate. Stability and decrease of VFA were observed from day 15th until 
the end of the experimental process. 

3.1 Sewage sludge, sampling & collection. 

Following the above description for the purpose of this experimental work sludge was 
collected from the municipal WWTP in Västerås (Sweden). A typical WWTP consists 
preliminary and primary treatment and also secondary treatment in the activated 
sludge sector. 

Sludge from two different digesters in the plant is collected during the experiment. 
Waste activated sludge (WAS) from one digester and primary sludge (PS) from 
another digester into the plant. Primary sludge is a result of the collection of 
suspended solids and organics in the primary treatment process (see figure 2 above) 
through sedimentation, usually by primary clarifier. Furthermore, the activated 
sludge is produced when sludge particles by the growth of organisms in aeration 
tanks. The difference is that the particles at activated sludge contain many living 
organisms that can feed on the incoming wastewater (NESC, 2003). The two different 
types of sludge were mixed into a jug approximately 400± ml primary sludge and 350 
± ml waste activated sludge with the additional of 45± ml of water and thereafter 
were poured into the two pilot digester reactors for further analysis and monitoring. 
The sludge that comes out of the pilot reactors is When treating municipal 
wastewater, the disposal of sludge is a problem of growing importance, representing 
up to 50% of the current operating costs of a wastewater treatment plant (WWTP) [1]. 
Municipal WWTPs generate sludge as a by-product of the physical, chemical and 
biological processes used during treatment. Current daily amounts expressed as dry 
solids (DS) range from 60 to 90 g DS per population equivalent (p.e.), i.e. nearly 10 
million tons of dry sludge per year for the EU analyzed further (pH, Conductivity, 
VFA, and dewaterability). Analysis of TS & VS is carried on additionally once a week.    

Reactors were fed with sewage mixing sludge of 8 dm3   each, with BR02 (reactor 2) 
fed with 400 ml of inoculum in order to achieve the goal of this experiment which is 
the different approach of thermophilic start up. HRT (hydraulic retention time) and 
OLR (organic load rate) were kept in 14 days and close to 2.4 g VS/dm3 day. Gas 
production and methane content were measured manual or collected by the online 
system including room temperature and pressure which are vital for the analysis later 
on.  

3.1.1  TS and VS contents 

Total solids (TS) and volatile solids (VS) contents were measured once a week in 
order to change the incoming organic loading in the reactors (OLR). Both were also 
measured from the effluent sludge so as to test the sludge digestion and also resolve 
solid remains.  

TS remains after sewage water (sludge) sample has been evaporated and dried in the 
oven on 100-105℃. For the purpose of this experiment, samples were placed in 
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stoneware pots and left in the oven for 24 hours. The TS content can be expressed in 
percentage as:  

TS% = 
                           

                                
 

3.1.2  Biogas production 

It has been mentioned in previous chapters (1 &2) that thermophilic process is more 
efficient than mesophilic, in terms of gas production, decrease of pathogens and 
volatile solids (VS). Biogas must be monitored in AD 24/7. The composition of biogas 
includes methane, dioxide gas, ammonia nitrogen and some other gases. Methane is 
the final product in AD and its productivity is related with digester’s performance. In 
other words, the more methane content, the more heat and electricity can be 
generated. 

3.1.3  Methane content 

Considering section 3.1.2 gas contains methane CH4 and carbon dioxide CO2. On 
thermophilic operation in anaerobic digestion temperature must range between 58-
65% (see chapter 4, results). Methane content of biogas should be stable during the 
process, unless implications occur during the AD experiment. C.A. Gooch et al 2014, 
states, that if substrate is fed well, short-time drops may be observed at times of 
digester feeding, otherwise a steady decrease or a fast increase of methane at the 
digesters average daily values, is usually an issue with the digester. 

3.1.4  Volatile Solid (VS) 

Volatile solids (VS) can be defined as solids when evaporate and burn the TS content 

in high temperature as 500-550 ℃ for 1 hour after the TS dry content has been 

measured .VS content can be expressed in percentage as: 

VS%= 
                           

                   
 * 100% 

*annealed weight represents the evaporated and burned TS after 550℃ in the oven. 

3.1.5  Organic loading rate (OLR)   

The organic load rate is the amount of material (organic matter) that has been added 
per day depending on reactors working volume, in this case 8 liters. The aim was to 
calculate OLR on 2.4kg (VS)/(m3·day). As an important factor to highlight is that 
most systems operate at low OLR (< 3kg VS m-3 d-1), because the total solids 
concentration thickened sludge is generally below 5%. (Ferrer, 2011). 

Organic load rate (OLR) can be expressed as follow: 
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OLR= 
    

  

   
     

   
 

 

 
  

Qin = incoming sludge flow, L/day 

V= volume of the digester, 8 L 

3.1.6  pH and Conductivity test 

The ph examination was applied on the out flow sludge. pH measured with a pH 
meter ,consisting a glass electrode. The pH meter calibrated by applying buffer 
solutions at pH 7.00. The sample was taken from the aeration tank influent and 
process effluent. pH is usually close to 7.0 (normal) with the best pH range from 6.5 
to 8.5 (6.5 to 9.0 is satisfactory). A pH higher than 9.0 may indicate toxicity from an 
industrial waste contributor. pH of lower than 6.5 may indicate loss of flocculating 
organisms, potential toxicity, industrial waste contributor, or acid storm flow.  

 

Picture 1: pH measurement device, in order to monitor sludge outflow from the two reactors. 

 

3.1.7  Alkalinity  

pH and alkalinity can go hand to hand in an anaerobic process, as alkalinity acts like 
a buffer to against VFA concentration. Normally digesters which contain substrate 
are ranged 6.5-7.5 of pH. In this case the analysis of BR01 & BR02 revealed that, 
BR01 contains at 4.0-alkalinity of 7315 mg/l and BR02 at 4.0-alkalinity of 7289.In 
conclusion, Rodrigo Labalut and Gooch et al 2014, stated that 5,500 mg/l total of 
alkalinity can provide enough buffering capacity to withstand reasonable loads of 
VFA. However, in this project alkalinity analysis, shows higher amount than the 
recommended from the authors, which can be seen as a positive result. 
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3.1.8  Volatile fatty acids (VFA)  

             Volatile fatty acids are in a mid-way of anaerobic biodegradation of cluster 
mixture into CH4 and CO2. For that reason, they are key indicators of a process in 
order to achieve stability and high performance with qualitative results. For the 
purpose of this study VFA were analyzed in the lab during the experiment in order to 
monitor the time of stabilization of the VFA content into reactors (see also chapter 4, 
results). 

3.1.9  Specific gas production (SPbiogas) 

Specific biogas production and methane content are calculated to the OLR.  

SP biogas= 
       

   
  (m3 biogas kg VS-1 fed)  

SPCH4 = 
    

   
 (m3 CH4 kg VS-1fed)  

3.2  Dewaterability test 

3.2.1  Sludge dewatering CST measurement  

Digested sludge removed from the digester is still mostly liquid. Sludge dewatering is 
used to reduce volume by removing the water so to permit easy handling and 
economical reuse or disposal. Dewatering processes include sand drying beds, 
vacuum filters, centrifuges, filter presses (belt and plate), and incineration. 

 
 Picture 2: CST measurement device                  Picture 3: CST measurement device 

 

CST and specific resistance filtration (SRF) have been extensively used to induce 
dewaterability of activated sludge. Picture 2 & 3 shown the CST measurement in 
order to test sludge dewaterability. In picture 2 sludge from the two reactors (BR01 & 
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BR02) were filled (100 ml sludge) each. The test was carried out for 10 seconds ,40 
seconds and 100 seconds with a specific amount of polymer for start (5 ml) into these 
three jars (image 2). Results have shown that in thermophilic condition the sludge 
was harder to dewater and consumed larger amount of polymer. In the other hand 
BR02 had the same result (harder to break) but lower consumption of polymer was 
used.  

3.2.2  Solid and hydraulic retention time (SRT & HRT) 

Solid retention time (SRT) in the activated sludge process is vital step of the process 
in order to secure effectively a wastewater treatment. Furthermore, SRT place the 
growth rate of microorganisms in an activated sludge process in that way selecting 
the microbial synthesis of the mixed liquid(sludge).   

SRT =
 

 
 

3.2.3  Heating and temperature control  

Heating and temperature control is important and crucial during the process in order 
to maintain a steady digestion temperature. The conversion of the heat can be change 
through the online monitoring system. Heat is necessary,  

a) to elevate the incoming sludge to the temperature that is set up (thermophilic 
55℃) of the digestion tank, and  

b) to provide if heat loss through walls, floor and top of the digester exists. 

3.2.4  Experimental Set Up-Reactors & compounds of the pilot (Dolly System) 

Two reactors used for the purpose of this research which is called Dolly© made of 
Belach Biotechnology AB, Sweden (Figure 4). Dolly© based on the control 
Wonderware® Factory Suite ™ (Belach Biotechnology, 2010). The two models of 
Dolly © were created by using the Development Environment.   Dolly © provides 
’Process Management’ and ‘Process Monitoring and control’ functions for up to eight 
Belach Bioteknik feremeters. Furthermore, additional compounds of Dolly system 
such as Ritter(milliGascounter) and also BCP CH4 (blue gas sensors) which were key 
for this experiment for certain conflicts that has been faced during the setup of the 
two reactors will introduced furthermore below. 
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Picture 4: The two pilot reactors (Dolly ©) that are filled with 8 L of digested sludge. Reactor 1 from 
the without inoculums and reactor 2 on the right inoculated. 

The test was performed in two 8 liter-reactors (Figure 3) containing an amount of test 
substrate representing 40 % of the total volatile solids as well as the reactor (2) on the 
right has fed with~400 ml of inoculum. The reactors were kept at mesophilic 
temperature (35ºC) for three days until it appears a stabilization of the methane 
content and thereafter manually the temperature raised to 55ºC directly. Methane 
production was monitored by a gas chromatograph until the gas production stops. 
This method offers an easy solution to manage but also offers a faster process of 
measuring methane potentials in the sludge. The size of the reactors allows 
simultaneous tests. The ΒR02 were inoculated with untreated and thermally pre-
treated. The two reactors were operated simultaneously at the constant hydraulic 
retention time (HRT) of 14 days and organic loading rate (OLR) ranged from 2.4 g 
VS/dm3, day. 

The results showed (chapter 4) that the inoculated BR02 reactor produced much 
faster biogas than reactor BR01.An additional component of the reactors was one 
computer (online system) that monitors and measures values continuously (24/7). 
The constant pilot digestion tests can be used in order to assess and define the 
specific gas and methane production yield under changing parameters such as 
retention time, organic loading, and temperature. The two reactors (see figure 3) 
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resembles a full scale biogas plant with feeding once a day, stirring, heating and gas 
collection. 

Precision and accuracy are important factors in order to reach the maximum 
production of gas (during the period of the experiment). Factors such as type of flow 
the stirring system,) biomass retention mechanism suspended or normal biomass 
temperature (30℃-40℃ for mesophilic and 50c-60c for thermophilic), SRT (10-15 
days depending on temperature and flow rate) and the volume in accordance to SRT 
and flow rate. 

The process must stay and set within the above notified ranges. In general treating 
sewage sludge, the SRT can be low as 10-15 days at 55℃ (Fig. 4). 

 

Figure 4: The methanogenic growth rate on temperature (Van Lier et al, 1993) 
 

Table 3: Feeding ranges in both reactors. 
 

 Primary sludge gVS-1 WAS sludge gVS-1 Inoculum gVS-1 

BR01 60% 40% - 

BR02 60% 20% 20% 

 
One of the main goals is to keep the OLR (organic load) stable TS & VS measured 
once a week as it has been noticed on previous sections. In order to maintain the 
same organic load and the HRT, reactors fed with an equal volume at each feeding 
and depending on the result of the TS content and VS content each week. 

3.2.5 Sludge Stabilization  

The purpose of sludge stabilization is to reduce volume, stabilize the organic matter, 
and eliminate pathogenic organisms to permit reuse or disposal. The equipment 
required for stabilization depends on the specific process used.  
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Sludge stabilization processes include: 

1. Aerobic digestion 
2. Anaerobic digestion 
3. Composting 
4. Lime stabilization 
5. Wet air oxidation (heat treatment) 
6. Chemical oxidation (chlorine oxidation)7. Incineration 

3.3 Gas sampling & reactors components. 

 
3.3  Ritter MilliGascounter 

 
 

 
Figure 5: Miligascounter working process. 

 

Milligascounter is a one of the most crucial components on the pilot reactors. 

Installation is crucial in order to not be damaged or lick. Furthermore, the gas to be 

measured flows in via the gas inlet nozzle, through the micro capillary tube (9) 

located at the base of the MilliGascounter and up into the liquid casing which is filled 

with a packing liquid (12). The gas rises as small gas bubbles through the packing 

liquid, up and into the measurement cell (13). The measurement cell consists of two 

measuring chambers, which are filled alternating by the rising gas bubbles. When a 

measuring chamber is filled, the buoyancy of the filled chamber causes the 

measurement cell to abruptly tip over into such a position that the second measuring 

chamber begins to fill and the first empties. The measurement of gas volume 
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therefore occurs in discrete steps by counting the tilts of the measurement cell (13) 

with a resolution of approximately 3 ml (= content of one measuring chamber, please 

refer to Point 3.2). This “residual error” (= max. 3 ml) caused by the resolution 

should be taken into account when estimating/calculating the total measurement 

error. The tilting procedure of the measurement cell creates by the permanent 

magnet (11) on top of the cell and one of the two magnetic sensors (reed contacts) (11) 

a pulse which is registered by the counter unit (1). For external data logging (PC) the 

switching pulses of the second reed contact can be obtained via the signal output 

socket (2). The measured gas escapes through the gas outlet nozzle (4) 

(MILLIGASCOUNTER© manual). 

Milligascounter contains for installation :  

 2 tube adaptors for flexible connecting tubes 

 1 bottle of packing liquid (200ml) 

 1.5 m tubing 

 1 funnel for filling of packing liquid 

 1 syringe (fine adjustment of the packing liquid level) per each 1 to 5 MGC’s 

 1 Level for horizontal alignment of the MilliGascounter 

 1 cleaning tool (PMMA rod with inserted wire) per each 1 to 5 MGC’s 

 

3.3.2 Ritter complications during the start-up of the experiment. 

Before the experimental start up, a series of complications aroused. One of those 
issues was a large cracking in RittermilliGas counter which caused a slight delay and 
wrong measurements of the gas production. (Figure 6 below pointed by point 1 & 2 
were the crack has been spotted). Eventually a new milligas counter has successfully 
delivered in order to proceed the experiment. The new Ritter device has been 
installed successfully and the operation was carried out through the end of the 
experiment. 

3.3.3 BCH -CH4 Gas sensor  

The BCP-CH4 is a gas sensor for measuring methane concentrations in the specified 
concentration area and under the conditions described in the technical data. It is 
used to monitor metabolism in biological processes such as fermentation. The sensor 
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head heats the adapter, so that no moisture can condensate. The heating time lasts 
about 1 hour both during initial start-up and after each time the device is 
disconnected from the power supply. The sensor does not output any measurement 
values during the heating-up period (BCP-CH4, operating manual) 

 

 

Picture 4 : The one of the two blue gas sensors that are attached to the Dolly system. The arrow  
means that the measuring adapter cannot be separated from the sensor head. It is the standard setup 
for all BCP sensors.  

3.3.4 Measuring principle  

The sensor contains the IR light source, the detector and the evaluation electronics 
(picture 4). The infrared light beam is reflected by the gas-filled measuring adapter 
and the light weakened by the analyse gas is measured by the detector. The light 
permeable sapphire disc prevents the sample atmosphere from escaping and 
contaminating the optical components. The sensor head heats the measuring adapter 
so that no moisture can condensate. The heating time lasts about 1 hour both during 
initial start-up and after each time the device is disconnected from the power supply. 
The sensor does not output any measurement values during the heating-up period. 
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Figure 6: Shows the Measuring principle. A. Sensor head B. Detector C. Light source D. Seal E. 
Sapphire window F. Light beam G. Sterile filter  
 

 
Table 5:  Description of the sensor device. 

 

 
 

 

 

 

 

 

 

A Sensor head 

B Detector 

C Light source 

D Seal 

E Sapphire window 

F Light beam 

G Sterile filter  
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3.4  Start-up of Thermophilic digestion and experimental procedures  

The start-up process monitored 24 hours seven days a week (24/7) by online software 
(Computer).Followed by measuring of biogas production, temperature, flow rate, 
methane content of each reactor monitored and examined. Furthermore, pH, TS 
(total solids), VS (volatile solids) biogas samples (CH4) and conductivity of the 
substrate were measured and monitored. The beginning of the process started in 
mesophilic conditions and 37 ℃ for three days and then, the temperature manually 
changed to thermophilic conditions and 55℃ direct. The aim of this process was to 
study whether SRT and organic loading (OLR) affects the speed of production of 
methane and gas production as at the same time reduce pathogens during a 
continuous anaerobic digestion of sewage sludge in a two scale reactors of 8 L. 

 

Picture 5. The image above shows the measuring tools in a daily basis analysis. 
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Figure 10:  Schematic diagram shows the experimental setup for mesophilic to thermophilic anaerobic 

digestion of sludge. (I. Ferrer et all 2008) 

 

3.4.1  Analysis  

By monitoring the performance of the reactors almost in a daily basis routine analysis 
took place in order to monitor closely without implications the anaerobic process. 
Analysis such as, TS, VS, TSS, VSS, pH, VFAs, CH4. 

3.4.2  Reactor B0R1 

In reactor 1 (R1) operation began at the same conditions as R2 .In terms of feeding 
and temperature conditions, for instance mesophilic at 37℃.Temperature increased 
directly at 55℃ after 3 days of the starting date of the process. Slightly temperature 
loss was observed during the first and second phase of the anaerobic process as 
reactor 1 were lose 1-3 ℃ on thermophilic conditions.  

3.4.3  Reactor BR0R2 

In reactor 2 (R2) were in similar condition as R1 (temperature) with the difference 
that R2 fed with thermophilic inoculum after day three, when the thermophilic 
process began. 
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Table 6: Data collection process during the week 

 

 Parameter  Periodicity 

Influent and effluent  
 

Total Solids 
 

2 times a week 

 pH 5 days per week  

 VFA 2-3 times per week 

 Conductivity  5 days per week 

Digester  Temperature 5 days per week  

 Sludge flow rate  

 Biogas production Daily 

 
 
The shift from mesophilic (37℃) to thermophilic (55℃) operation took place without 
changing the process of 14 days SRT as at the same time reactors were feeded feeding 
daily. However differences between mesophilic and thermophilic process can refer to 
volatile fatty acids (VFA) and overflow hygienization.(see figures on results section)  

 
Table 7: Temperature transition for both reactors 
 

Reactor Period Days Temperature(℃) SRT (d) 

BR01 & BR02 1 1st-4th 37.2 14 

 1 4th-42th 54.1 28 

 

 
3.3.4  Average feed and digested sludge characteristics on reactor BR01 & BR02 

 
Table 8:  Provides the average feed and digested sludge characteristics on reactor BR01 & 
BR02. 

 

Working Conditions Period 1 (14 days)  
 
 

Period 2 (14days) 
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temperature ℃ 37.0±1.5 54.5±1.5 

SRT (d) 14 days 14 days  

Feed composition  
 

400± (primary 
sludge)  
300± (WAS sludge) 
20± water 

400± (primary 
sludge)  
300± (WAS sludge) 
20± water 

VS 72%±  72± 

TS 4,5%± 4,5± 

Total VFA  
VFA BR01 (last day of 
experiment) 
VFA BR02  (last day of 
experiment ) 

  
2.39± 
 

2.62  ± 

 
0.18± 
 

0.18± 

pH 
 
BR01 
BR02 

 

± 7.00 
± 7.1 

 

±7.2 
± 7.3 

 
 

3.5  Gas production and methane content. 

The data for biogas production and methane content but also gas flow were 
monitored by daily basis as has been mentioned in chapter 2 & 3 on an online system 
but also manually. The online system had a back up but also recording procedure that 
analyses every minute. The gas was measured by the two pilot reactors (Dolly). Data 
analysis was stored by following the formulas and transferred to graphs by 
considering room’s air pressure and temperature to standard temperature and 
pressure, 0 ° C and 1 atm (Verein Deutscher Ingenieure, 2006). Also normalization of 
the methane content was measured. 

Gas volume calculated based on the equation below: 

 

Vtr= V* 
         

    
  

Vtr: Volume of dry gas in a normal state in mln (not normalized) 

V: Volume at the gas as read off, in ml  

 P: Pressure of the gas phase at the time of reading the temperature of the ambient 
  space, in hPa  
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Pw: Vapour pressure of the water as function of the temperature of the ambient space 
in hPa , 3000 (N m-2) (Verein Deutscher Ingenieure, 2006) 

T0: Normal temperature; T0=273 K 

P0: Normal pressure; P0 = 101300 (N m-2) 

T: Temperature of the fermentation gas or of the ambient space, in K 

Methane content followed by the equation below: 

CCH4 tr:CCH4 f  *
 

    
 

CCH4 tr: Is the methane concentration in the dry gas, in % by volume 

CCH4 f: Is the methane concentration in the moist gas, in % by volume 

P: pressure of the gas phase at the time of reading, in hPa 

Pw: is the vapour pressure of the water as a function of the temperature of the 
ambient space. 

4.  Results and Discussion 

The combustion of sewage sludge is reasonably unproven in Sweden according 
literature studies. The start-up of a two different way in a thermophilic process has 
revealed some qualitative results, considering also complications during the 
experimental process. HRT (hydraulic retention time) were set on 14 days, with OLR 
on 2.4 g Vs dm3/day. Some general characteristics of the feeding sludge and mixture 
are presented in table 8.  

 

Table 8 Sewage sludge composition 

Parameter  Value 

TS (g L-1) 4.5% 

VS(g L-1) 74.0% 

Total VFA(g L-1) 0.28 

Accetate (g L-1) 0.1 

Propionate (g L-1) 0.18 

iso-Valerate (g L-1) 0.00 

i-buty (g L-1) 0.00 

buty (g L-1) 0.00 

pH 7.30 
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Based on the results (Chapter 4) showed that the chosen HRT (28 days) and OLR (2.4 
g VS) even if the OLR wasn’t 100% stable and accurate, (graph 3, chapter 4) the 
reactors with the same amount of substrate but with different start-up method, 
produced gas in an acceptable manor. The results had shown that the reactors with 
the same amount of substrate but with different start-up method can produce gas in 
an acceptable manor no matter that the OLR wasn’t stable and always accurate. 

BR01 had some differences from BR02 but an assumption can be made regarding this 
observation. The anaerobic digestion process is a long process and 28 days were not 
long enough in order to achieve better results. However, stability in the process is 
reached on day 13 -15th. During project’s HRT it can be seen that mesophilic to 
thermophilic anaerobic digestion in a different way of startup (seeded) can be a 
possible and feasible suggestion for a full-scale biogas plant in order to achieve higher 
digestion and productivity. 

 Volatile fatty acids (VFA) have kept in stable conditions 1-2 weeks after the start-up 
of the process. pH and alkalinity analysis have been ranged in acceptable values 
according to literature studies. Temperature fluctuation was observed in BR01 during 
the experiment by dropping 1-3℃ which might cause some inaccurate production of 
biogas. However, during the experiment by online- monitoring the hourly rate of 
biogas production looks like that temperature fluctuation did not have harsh effect on 
the process. With respect to VFA, differences haven’t been found from temperature 
drop, but only from the differences of the two different startups of the reactors. 

The conversion from mesophilic (37℃) to the thermophilic (55℃) operation was 
carried out without changing or disturbing the process of the HRT of 14-28 days. The 
main difference under these conditions where the seeding of BR02 but also the 
volatile fatty acids (VFA) of both reactors (see graph 3 & 4). Furthermore, TAD 
digestion (55℃) had similar behavior; an even interconnection can have been seen in 
methane production and OLR but also in VFA content and sludge dewaterability (see 
chapter 3 for correlation of digestibility). Gas production was observed to be slightly 
different between the two reactors, even if the same procedure applied. BR02 reactor 
produced faster and higher volume of gas compared to BR01, which a possible 
explanation could be that BR02 inoculation helped the substrate to adapt faster, 
therefore produced a higher amount of gas (see graph 1). The values that have been 
used to process the results for each period, taken as the average of each day on a 
specific time. 

Methane production rate increased during the TAD digestion but during the 
transition of the temperature, both reactors dropped methane content. Stability 
observed on day 14-15 during the process but both reactors still had a difference in 
methane concentration during the experiment. (see graph 2). 

VFA accumulation was similar in both reactors and stabilized after 14-15 days during 
the process. (see graph 3-4) Some of the following concentrations could be useful to 
distinguish in order to avoid digester failure during conversion of TAD:  Total VFA 
(2.39 g L-1) for BR01, acetate (0.1 g L-1), propionate ratio (0.18 g L-1), methane 
content in biogas (62%). On the latest analysis of VFA in both reactors, have found 
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that BR01 ranged on VFA total 1423 mg/l were in seeded BR02 total VFA ranged 
slightly lower on 1404 mg/l. Rodrigo Labatut et al 2014 stated that VFA 
concentrations over 1.500-2.000 mg/l, biogas production might be limited by 
inhabitation. However, in the experiment hasn’t been faced situation such as. (see 
graphs 4 & 5) 

4.1  Gas production of BR01 & BR02  

The ongoing data collection and measurements of the gas production were exported 
from the pilot reactors (DOLLY ©). Graph 1. showed that the accumulated gas 
volume was higher in BR02 than BR01 during almost the whole process. By 
considering some technical issues during the beginning of the experiment (leakage) 
of reactor 1 (BR01). As this issue caused problems into the experiment, the data had 
to restart and monitored closely. Leakage can be an issue why the gas production was 
significant different or the inoculum in BR02 effected positive the gas production. 
(The graphs below present the gas production, methane content (normalized) VFA, 
specific gas production with ORL) 

 

Graph 1: Normalized gas production and temperature of both reactors. 
 

4.2  Methane concentration and content  

Methane concentration had differences from the beginning of the project during 
implications. A small stability observed on day 13th -15th but the differences remained. 
Methane content in biogas composed of two major gas components, methane 
(CH4) and carbon dioxide (CO2). The percent of methane in a well-designed 
anaerobic digester treating dairy manure is in the range of 58 – 65%, with the 
remaining gas consisting mostly of carbon dioxide. When fertilizer is co-digested with 
high strength substrates, such as food wastes, this percent is usually higher. The 
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methane content of biogas should be fairly stable over time unless there is a problem 
with the digester. A steady drop of methane below the digester’s average daily values 
is usually an indicator of a digester problem. However, if the substrate is fed 
intermittently, short-time drops may be observed at times of digester loading. ( 
Labatut R.A. and C. A. Gooch et al 2014). In this experiment, methane content 
observed instable during almost the whole process. Some correlation observed during 
the beginning of the process. In thermophilic conditions methane concentration 
range from 58-63% for both reactors. 

 
 
Graph 2: Normalized methane concentration of both reactors but also temperature  
 

4.3  Specific biogas production  

Specific gas production graph provides the OLR of the two pilot reactors during the 
experiment and also the amount of gas production on both reactors. On day 20-25th a 
correlation of the production appears but after that the differences were significant. 
Biogas production is possibly one of the most important factors to monitor in 
anaerobic process (see chapter 3, 3.1.3) in order to have better results in methane 
content also. By viewing the graph of specific biogas below, the pick of specific gas 
production appears on the second week of the experiment. Specific gas can be 

expressed (see also chapter 3) SP biogas= 
       

   
  (m3 biogas kg VS-1 fed) in Nm3/kg VA 

and referred as the amount of gas production p/day from unit mass of VS that 
established to the digester. 
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Graph 3: Specific gas production of the two reactors with OLR 
 

4.4  VFA of BR01 & BR02  

For both reactors VFA accumulation were high on the beginning of the process. From 
day 6-8 until the reactors show some stability on day 15th. In both cases VFA 
stabilized on day 15th + after the temperature conversion. Individual VFA (acetate, 
propionate, butyrate, isobutyrate, valerate,) concentrations, appear in the graphs 
below. VFA concentrations as it mentions in chapter 3 most likely is the most 
sensitive parameter to monitor in order to have a nice flow into the process without 
implications or failure. Graph 4 & 5 contains VFA concentration for reactors 
including 8 compounds acetic, carponate,i-carponate,valerate,i butyrate,i-butyrate, 
propionate, acetate.(see chapter 3.1.5 Alkalinity) 

The most dominant in BR01 as it appears on the graph is acetate on the startup of the 
process until a stabilization and decrease of the acetate observed on day 8th.Same 
situation for propionate. 

BR02 which is inoculated has higher acetate than reactor 1 on the first days of the 
startup in thermophilic condition and then changed and stabilized on day 15th. 
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Graph 4: BR01 VFA concentration and stability and decrease after day 14. 

 

4.4  BR02 VFA graph 5 below 

 

 

Graph 5: BR02 VFA concentration and stability and decrease after day 14. 
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5.  Conclusion 

The experimental results presented in this Master thesis were obtained by operating a 
pilot reactor for 1-2 months. During the 38 + days, sludge retention time (SRT), 
organic loading rate (OLR) and the effect of process temperature were studied. 
During the process, energy production (biogas and methane content) and the quality 
of effluent sludge (VS, VVS, VFA), sludge dewater ability, also monitored and studied. 
Including monitoring and hygienization of the incoming sludge into the pilot 
reactors. The extra focus during the process was put on the stability of the 
temperature and the organic loading rate. Competence of a stable operation of the 
two reactors evaluated. At the end of the process, results were assessed from an 
energy point of view (biogas production) and compared with the experimental data 
from the conversion of mesophilic 37℃ to thermophilic digestion 55 ℃. 

The conclusions in this experimental work including some technical issues that hold 
back the process are:  

 The start-up of the anaerobic sludge digestion started on mesophilic 
conditions on 37℃ with the organic load of 8 litters of mixture and SRT of 14 
days. The transition from mesophilic to thermophilic operation 55 ℃ carried 
out without any disturbance of the process. In graph 1, shows the normalized 
gas production and temperature in both reactors during the conversion of the 
temperature. The main differences are some instability on reactor 1, to keep 
the temperature stable, either on 37℃ and later on 55 ℃. Gas production in the 
same graph shows the reactor 1 had slightly less compared to inoculated 
reactor 2. On thermophilic conditions (55 ℃) should have a similar outcome in 
terms of biogas production and stabilization, but in this experiment, it wasn’t 
the case. 

 Methane production on graph 2 shows again instability on both reactors. 
During the experimental process some technical issues occurred from the 
methane gas sensor that affected the progress of the work. On the start-up of 
the experimental process on mesophilic conditions, reactor 1 showed a high 
concentration of methane content of 70%, but during the conversion to 
thermophilic, a drop of the methane concentration was observed 40%. 
Stability on both reactors started after the 7-8 day.  

 VFA analysis (graph 4 & 5) were analyzed during the whole period of the 
process. On both graphs can be observed that high concentration of VFA began 
on thermophilic conditions from the 6th-7th day. The unbalance and the high 
concentration of VFA might be more appropriate to monitor in order to avoid 
digester failure. High concentration of acetate, acetate,propionate, valerate 
was observed on day 15th. VFA showed stability from 15th-16th of the 
process.The analysis of the anaerobic digestion of sewage sludge was evaluated 
from energy perspective. The assessment based on the performance of the two 
pilot reactors working at range of SRT and VS concentrations in feed sludge, 
gas production and dewaterability. 
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Thermophilic anaerobic digestion is a different process (compared to mesophilic) to 
produce energy, either on cold or warm periods. The insulation of the digesters is a 
crucial parameter in order to achieve energy recovery from biogas but also from the 
effluent sludge. In this experiment, energy production was produced at half SRT (10-
15 days) compared to mesophilic process (20-25 days). Having this in mind the 
energy savings from the digesters operating in mesophilic conditions can save extra 
costs on treatment plants. (Monnet, 2003) 

6.  Future work 

The process needs to be optimized and some parameters to be investigated in further 
research in order to use the method (thermophilic digestion) to work in full scale 
more often. In order to adapt waste water treatments in thermophilic operation in 
future, a series of experiments can be used as a reference. According to the results of 
this experiment, it is feasible that full-scale plants can adapt this process by 
stabilizing and monitor the OLR. In this project the OLR and some other implications 
that have been mentioned in previous chapters, delayed the process and that caused 
some fluctuation in data. However, the process provided some good enough results 
that need to be considered for further analysis in future. Other aspects that need to be 
considered when monitored AD operations in future work, is the data collection and 
sampling. It is a very important parameter in order to obtain a preventative analysis 
in the end of the experiment. 

Overall conclusions and suggestions for future work have been observed during the 
experiment. In reality, differences in terms of energy production between mesophilic 
and thermophilic pilot reactors treating sewage sludge in similar conditions are very 
little. 

SRT (sludge retention time) is an important factor in wastewater treatment plants. 
Sludge retention time on thermophilic conditions can reduce the operating costs of a 
treatment plant on half as at the same time allows a higher flow rate (sludge) into the 
digesters. 

Suggestions on future work under thermophilic operation it would interest to 
study the following: 

1. Temperature recovery and reduce operation costs of the digester by reducing 

the inflow into the reactor. 

2. Sludge hygienization 

3. Fully insulated reactors in order to take the maximum energy production from 

the process. 

4. Operation on even higher temperature than 55 ℃. 

Thermophilic condition is a process that can reduce pathogens and it’s more suitable 
in terms of energy production. 
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Even though anaerobic digestion is a technology that it is been used for a quite long 
time, system failures are common in waste water treatment plants. According to 
Rodrigo Labatut and and Gooch 2014, in New York State, a study revealed that some 
AD systems generate less than 60% of their electric energy potential due to poor 
anaerobic digester performance and system failure. Most of these problems occur as a 
result of inadequate operational management and lack of process control. (Labatut 
and Gooch 2014) 

It is very important the operator of AD systems to be well trained and qualified in 
order to control and to ensure a stabilised process but also to be able to prevent 
potential failures. 
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Appendix I 

 

Out 
Prim 

In 
Bio In Water pH Cond. Temp 

Total gas 
volume 

CH4 
Air 

Temp. 
Air Pres. 

Mbar 
R1 

801.53 442.5 308.02 49.04 7.12 7.27 37.7 442.51 28.62 24.02 1005 33.943567 

801.51 442 308.43 49.93 7.06 7.02 37.2 7084.8 0.059 24.02 1010 0.0699101 

801.25 442.11 308.51 49.34 6.99 7.11 37 15921.7 61.78 23 1000 73.339823 

801.01 442.95 309.09 49.33 7.03 6.89 37.2 26757.32 59.84 25.3 996 71.090245 

806.57 443.84 308.43 51.65 7.01 6.72 37.1 37632.73 62.14 22.6 1009 73.644272 

800.53 443.84 308.02 49.01 7 8.78 53.6 44244.54 46.73 15.7 1022 55.251232 

800.54 443.26 309.21 49.62 7.16 8.81 55 50052.08 56.9 14.7 1023 67.263745 

800.24 443.53 309.37 49.03 7.18 8.56 55.1 58398.4 61.56 16.9 1019 72.824584 

803.33 442.63 308.44 50.68 7.15 8.49 55 67274.44 61.33 10.4 1001 72.792015 

803.33 443.53 309.61 49.56 7.38 8.55 54.8 76370.12 63.92 13.5 1001 75.866063 

802.03 442.5 309.57 49.05 7.23 8.58 53.1 96606.07 71.92 12.7 1002 85.345271 

801.23 442.6 309.8 49.89 7.3 8.25 54.4 104086.75 62.12 14.1 1005 73.674857 

801.93 442.01 308.54 49.34 7.25 8.07 53.5 113646.62 62.65 13.1 1006 74.289705 

800 443.75 308.65 49.13 7.24 7.93 53.9 124103.06 65.22 14.3 1009 77.294487 

800.1 399.66 399.6 5.09 7.26 7.67 53.8 131855 62.36 13.06 1005 73.959499 

800 
400.2

6 396.7 5.53 7.47 8.12 52.6 148405.58 70.34 12.6 1008 83.37769 

800 400.79 397.9 4.3 7.95 7.95 54 155159.51 66.14 14.6 1007 78.413643 

1.60176 798.15 796.37 9.07 7.35 7.9 55 165317.86 64.52 15.2 997 76.63566 

      
55.1 181842.54 63.87 18.4 1004 75.764408 

801.03 412.09 352.65 36.52 7.27 7.75 54.4 183893.6 63.21 14.7 1005 74.967606 

800 412.5 353.71 36.33 7.38 7.84 52.9 194733.48 68.56 12.5 1019 81.105482 

801.29 428.2 352.54 7.34 7.74 7.75 56 202256.14 64 18.3 1006 75.890521 

            Daily sampling from BR01 (pilot reactor 1) ,from mesophilic to thermophilic 
temperature. 
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Out Prim In  Bio In Water pH Cond. 

13/04/2015 BR02 801.09 442.64 309.86 50.01 7.11 7.11 

14/04/2015 BR02 800.25 442.16 308.71 49.94 7.06 7.02 

15/04/2015 BR02 800.05 442.17 309.98 49.03 7 6.82 

16/04/2015 BR02 801.65 442.85 309.11 49.7 7.03 7.5 

17/04/2015 BR02 797.19 442.44 308.44 49.63 7 7.37 

20/04/2015 BR02 800.92 443.01 308.81 49.01 7.06 9.52 

21/04/2015 BR02 800.56 442.15 309.11 49.01 7.12 9.22 

22/04/2015 BR02 803.68 442.17 308.43 50.01 7.17 8.73 

23/04/2015 BR02 800.68 442.78 308.16 49.13 7.15 8.75 

24/04/2015 BR02 800.14 443.17 309.11 49.26 7.33 8.9 

27/04/2015 BR02 800.01 442.5 309.02 49.232 7.22 8.88 

28/04/2015 BR02 800.4 442.93 309.72 49.13 7.24 8.44 

29/04/2015 BR02 800 443.34 309.16 50.01 7.3 8.31 

30/04/2015 BR02 800 443.09 308.88 50.01 7.31 8.08 

01/05/2015 BR02 800 398.37 398.37 4.39 7.33 8.01 

04/05/2015 BR02 800.64 399.89 397.5 4.47 7.36 8.15 

05/05/2015 BR02 801.35 400.41 397.81 4.69 8.15 7.28 

06/05/2015 BR02 1601.75 799.47 794.3 10.9 7.31 7.9 

07/05/2015 BR02 
      08/05/2015 BR02 800.96 411.37 352.76 36.15 7.31 7.8 

11/05/2015 BR02 800.05 412.85 353.41 36.72 7.34 7.83 

12/05/2015 BR02 800 427.5 355.1 736 7.75 7.74 

 
 
 

Temp 
Total gas 
volume CH4 Air Temp. 

Air Pres. 
Mbar R2 

37.1 546 18.05 24.02 1005 21.40745592 

37.2 93434 59.92 24.02 1010 71.0002581 

37.1 20556.75 55.78 23 1000 66.21714666 

37.2 34271.25 52.04 25.3 996 61.82380305 

37.1 45188.75 55.21 22.6 1009 65.43128803 

55 619671 43.17 15.7 1022 51.04206483 

55.1 698229 54.39 14.7 1023 64.29657492 

55.2 81757 62.38 16.9 1019 73.79463187 

55.1 93674.75 63.52 10.4 1001 75.39130641 

55 105400.75 71.92 13.5 1001 85.3611895 

55 132973 71.92 12.7 1002 85.34527109 

55.1 143526.5 66.96 14.1 1005 79.41513843 

55 155038 67.38 13.1 1006 79.89848888 

55.1 168974 69.54 14.3 1009 82.4142686 
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55 179819.24 68.81 13.06 1005 81.60925441 

55 198025.76 68.2 12.6 1008 80.84103577 

55.1 206908.05 66.25 14.6 1007 78.54405566 

55.1 219690.24 66.92 15.2 997 79.48633515 

55.2 239216.24 67.34 18.4 1004 79.880621 

55.1 244387 67.78 14.7 1005 80.38766551 

55 264095 69.88 12.5 1019 82.66702268 

55 274352 67.6 18.3 1006 80.15936255 

 
Daily analysis and sampling for BR02 (reactor 2) from mesophilic to thermophilic. 

 
VFA analysis  
 

RK1 
       Datum Prov acetat propionat i-buty buty i-val valerat 

  
g/L g/L g/L g/L g/L g/L 

        30/03/2015 RK1 1.16 0.34 0.19 0.36 0.34 
 10/04/2015 Bro 1 0.24 0.73 0.12 0.1 0.1 0.11 

15/04/2015 JO3-1 0.1 0.1 _ _ _ _ 

17/04/2015 JO4-1 0.1 0.1 _ _ _ _ 

20/04/2015 Bro 1 0.81 0.25 0.1 0.1 0.23 _ 

22/04/2015 Bro 1 0.7 0.41 0.15 0.17 0.35 _ 

29/04/2015 Bro 1 0.4 0.82 0.1 0.1 _ _ 

06/05/2015 JO1 0.1 0.1 _ _ _ _ 

13/05/2015 Bro 1 0.1 0.18 _ _ _ _ 

 
VFA analysis from both pilot reactors. 

 

i-kapro kapronat   
Total 
g/L Dates temperature  

g/L g/L 
    

      

  
30/03/2015 2.39 30/03/2015 37 

  
10/04/2015 1.4 10/04/2015 37 

  
15/04/2015 0.1 15/04/2015 37 

  
17/04/2015 0.1 17/04/2015 37.1 

  
20/04/2015 1.49 20/04/2015 53.6 

  
22/04/2015 1.78 22/04/2015 55.1 

  
29/04/2015 1.42 29/04/2015 53.8 

  
06/05/2015 0.2 06/05/2015 55 

    13/05/2015 0.28 13/05/2015 54.5 



50 
 

 

 
 

VFA analysis by days from both reactors. 

 
 
 
 

 
The feeding process into the pilot reactors (OLR) 
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 Methane concentration, gas flow from reactor 1  

Date Days 
Methane 

conc. 
Methane 

Normalisation 
BR01 
Flow 

Gas 
Volume 

      13/04/2015 1 62.97450778 72.00157032 5.793926 4489.677 
14/04/2015 2 73.41166292 83.87531623 6.963373 12562.06 
15/04/2015 3 57.64029 65.94998856 8.048646 22776.8 
16/04/2015 4 59.46835 68.08100759 6.900176 33763.63 
17/04/2015 5 39.86632 45.55505875 0.9587218 3295.5 
18/04/2015 6 36.06371 41.23325205 0.370076 4007.25 
19/04/2015 7 39.71678 45.40997031 1.544779 5963.75 
20/04/2015 8 49.85807 57.02943623 3.507046 10539.75 
21/04/2015 9 57.79899 65.92697297 4.598975 17816.5 
22/04/2015 10 57.91801 66.0536502 6.026144 26708.5 
23/04/2015 11 59.51413 67.91142046 7.634767 35961.25 
24/04/2015 12 60.83558 69.59590352 6.722116 46582.25 
25/04/2015 13 64.80909 74.14159896 5.20078 54895.75 
26/04/2015 14 67.89146 77.65667 1.029441 59062.25 
27/04/2015 15 60.46325 69.13033703 4.231375 63826.75 
28/04/2015 16 57.91191 66.20384257 7.929922 72852 
29/04/2015 17 63.67685 72.76324083 7.596035 84077.5 
30/04/2015 18 58.82746 67.26006519 5.655977 91861.25 
01/05/2015 19 61.95256 70.80292571 7.627998 101026.3 
02/05/2015 20 66.35332 75.84312513 2.077563 107971.5 
03/05/2015 21 66.58832 76.22107352 2.072573 110717.8 
04/05/2015 22 63.85386 73.017398 4.431141 115904.8 
05/05/2015 23 62.07768 70.97618703 7.645207 125258.3 
06/05/2015 24 60.57922 69.12679191 12.02508 138388.3 
07/05/2015 25 62.89252 71.89758536 10.84283 139015.5 
08/05/2015 26 61.15602 69.92241195 4.846736 152093.5 
09/05/2015 27 63.05732 72.08598173 0.7763271 156338 
10/05/2015 28 66.26787 75.75622411 0.4220764 157989 
11/05/2015 29 61.02174 69.75894368 4.815354 163540 
12/05/2015 30 60.86304 69.57752073 7.337282 172705 
13/05/2015 31 61.35744 70.14270982 8.403331 181577.5 
14/05/2015 32 63.09395 72.12785648 6.237395 192991.5 
15/05/2015 33 63.0085 72.03017159 4.930513 203430.5 
16/05/2015 34 61.99528 70.87187691 1.555679 207164.8 
17/05/2015 35 68.23326 78.00302223 0.243627 208799.5 
18/05/2015 36 62.56292 71.52079264 4.913803 214015.8 
19/05/2015 37 59.69114 68.23782595 8.972227 222407.3 
20/05/2015 38 48.76856 55.75133109 21.47815 230282 
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Pressure 
Gas Volume 
normalization C  K 

   
24.2 297.2 

1005 4091.528269 
 

24.2 297.2 
1010 4091.528269 

 
23 296 

1000 20737.39495 
 

25.3 298.3 
996 30381.44453 

 
22.6 295.6 

1009 3031.525699 
 

15.7 288.7 
1005 3759.40329 

 
14.7 287.7 

1005 5614.341571 
 

16.9 289.9 
1002 9817.547643 

 
10.4 283.4 

1022 17315.16537 
 

13.5 286.5 
1023 25701.2181 

 
12.7 285.7 

1019 34566.22277 
 

14.1 287.1 
1001 43769.79862 

 
13.1 286.1 

1001 51761.65386 
 

14.3 287.3 
1002 55513.07502 

 
13.6 286.6 

1005 60317.84383 
 

12.6 285.6 
1006 69156.73132 

 
14.6 287.6 

1009 79494.16939 
 

15.2 288.2 
1005 86329.18437 

 
18.4 291.4 

1008 94179.9887 
 

14.7 287.7 
1007 101847.8687 

 
12.5 285.5 

997 104198.0748 
 

18.3 291.3 
1004 107658.3828 

 
13.1 286.1 

1005 118579.0369 
 

18.4 291.4 
1019 130417.9029 

 
14.1 287.1 

1006 131274.7549 
 

16.1 289.1 
1005 142489.1599 

 
13.5 286.5 

1006 147941.8714 
 

12.3 285.3 
1006 150133.0339 

 
12.5 285.5 

1006 155299.1445 
 

18.5 291.5 
1006 160626.625 

 
14.3 287.3 

1006 171347.4276 
 

14.3 287.3 
1006 182118.363 

 
13.1 286.1 

1006 192774.4138 
 

13.1 286.1 
1006 196313.1039 

 
13.1 286.1 

1006 197862.1751 
 

14.1 287.1 
1006 202098.8428 

 
11.1 284.1 

1006 212240.855 
 

13.9 286.9 
1006 217610.8908 
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 Methane concentration from reactor 1 

 
 
 

 
Gas volume from reactor 1 
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Methane concentration, pressure, normalization on reactor 2 

 

Date Days Methane conc CH4 
Methane 
normalization Pressure  

     13/04/2015 1 57.14284 65.33396382 1005 

14/04/2015 2 57.56705 65.77230826 1010 

15/04/2015 3 50.15715 57.38804348 1000 

16/04/2015 4 52.45214 60.04865683 996 

17/04/2015 5 37.6995 43.0790436 1009 

18/04/2015 6 33.12173 37.77947328 1022 

19/04/2015 7 38.33429 43.71903977 1023 

20/04/2015 8 46.87642 53.49056213 1019 

21/04/2015 9 58.28423 66.67715912 1001 

22/04/2015 10 60.50903 69.22233032 1001 

23/04/2015 11 60.02378 68.6573374 1002 

24/04/2015 12 62.68805 71.67405034 1005 

25/04/2015 13 69.30141 79.22411189 1006 

26/04/2015 14 70.84565 80.9549953 1009 

27/04/2015 15 63.2679 72.33701877 1005 

28/04/2015 16 62.80097 71.77253714 1008 

29/04/2015 17 67.57101 77.2349683 1007 

30/04/2015 18 63.78061 73.00719652 997 

01/05/2015 19 67.11934 76.75150041 1004 

02/05/2015 20 68.01658 77.76639693 1005 

03/05/2015 21 66.98505 76.43646803 1019 

04/05/2015 22 62.80402 71.77602286 1008 

05/05/2015 23 63.84776 72.9792217 1007 

06/05/2015 24 63.41134 72.58450744 997 

07/05/2015 25 68.04099 77.80541453 1004 

08/05/2015 26 64.24144 73.43964618 1006 

09/05/2015 27 65.82841 75.26456433 1005 

10/05/2015 28 68.3065 78.08674886 1006 

11/05/2015 29 64.55579 73.6644457 1019 

12/05/2015 30 65.84367 75.27128639 1006 

13/05/2015 31 65.0044 74.31184818 1006 

14/05/2015 32 68.44079 78.24026675 1006 

15/05/2015 33 68.98096 78.85777927 1006 

16/05/2015 34 68.33092 78.11466536 1006 

17/05/2015 35 68.75513 78.59961452 1006 

18/05/2015 36 64.17735 73.36637966 1006 

19/05/2015 37 63.20382 72.22271164 1009 
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20/05/2015 38 49.55899 56.66300904 1005 

 
 

 

Gas Volume  
Gas volume 
normalization Temperature  

   
C K 

5421 4937.768535 
 

24.2 297.35 

16090.75 14729.32754 
 

24.2 297.35 

28528.5 25960.93933 
 

23 296.15 

42874 38559.81668 
 

25.3 298.45 

4940 4541.994077 
 

22.6 295.75 

7475 7127.593492 
 

15.7 288.85 

10773.75 10318.80714 
 

14.7 287.85 

17134 16222.33175 
 

16.9 290.05 

27303.25 25975.98191 
 

10.4 283.55 

39575.25 37244.23001 
 

13.5 286.65 

51558 48705.58779 
 

12.7 285.85 

64782.25 61082.28202 
 

14.1 287.25 

75409.75 71422.19417 
 

13.1 286.25 

81594.5 77186.78294 
 

14.3 287.45 

89329.5 84374.40826 
 

13.6 286.75 

100743.5 95773.31714 
 

12.6 285.75 

114708.8 108184.2594 
 

14.6 287.75 

125840 117259.2505 
 

15.2 288.35 

137335.3 127454.757 
 

18.4 291.55 

143669.5 135181.6086 
 

14.7 287.85 

147225 141538.5429 
 

12.5 285.65 

154001.3 143540.3699 
 

18.3 291.45 

165811.8 157200.025 
 

13.1 286.25 

181203.8 166994.672 
 

18.4 291.55 

193326.3 182103.3002 
 

14.1 287.25 

201409 188780.307 
 

16.1 289.25 

208663 197157.2557 
 

13.5 286.65 

212858.8 202168.1535 
 

12.3 285.45 

221227.5 212682.7509 
 

12.5 285.65 

233964.3 217489.7511 
 

18.5 291.65 

247217.8 233167.817 
 

14.3 287.45 

262749.5 247816.8131 
 

14.3 287.45 

277124.3 262470.3777 
 

13.1 286.25 

285070.5 269996.3944 
 

13.1 286.25 

288486.3 273231.572 
 

13.1 286.25 
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295265.8 278679.0308 
 

14.1 287.25 

307167.3 293845.3854 
 

11.1 284.25 

316615 298739.8774 
 

13.9 287.05 

 
 
 
 
 

 
Methane concentration from reactor 2 
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Gas volume from reactor 2  

 
 
 

 

 
Methane concentration from both pilot reactors  
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  Gas production from both reactors (reactor 1 and 2) 
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Pictures during the experiment 

Electronically reading  of the process during the experiment. 

 Samples were collected for both reactors in order to analyze heavy metals 
composition.  
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Methane measurement device. 

CST measurements. Analyses appropriate use of polymer to dewater the sewage 
sludge.  
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