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ABSTRACT 

 
The rotating bed biofilm reactor (RBBR) biologically treats wastewaters and it offers 
efficient solutions for removal of organic compounds, phenols and nitrogen. Its use avoids 
many of the problems and high needs associated with the commonly used activated sludge 
process, such as need for spacious pool systems, high energy consumption and 
maintenance demands and need for settling tanks and sludge circulation. 
 
Refining of carbon-based fossil materials to oil products produces large quantities of 
wastewater which is treated at oil refineries’ wastewater units. Refining of renewable raw 
materials produces different, more concentrated wastewater high in phosphorous and 
nitrogen. In Neste refineries in Porvoo, Naantali, Rotterdam and Singapore, renewable 
feeds are already utilized, but the pressure to produce more renewable fuels is inevitably 
high due to the government’s legislation, especially in the EU-area. Refineries also need to 
act responsibly and follow the wastewater effluent pollutions limits. Thus, oil refineries 
need to find new satisfactory techniques to replace conventional treatment methods in 
terms of competing with the emissions.  
 
The use of an RBBR is studied in Neste Oyj’s refineries to advance the biological treatment 
of the wastewater. RBBR is based on carrier technology, where the bioreactor’s operating 
principle is utilizing centrifugal forces in growing on biofilm. Micro-organisms grow on the 
surface of the carrier. The bioreactor tolerates shock loads, it is compactly sized, it creates 
great oxygenation conditions and the high filling ratio results in high efficiency. The used 
bioreactor type and related bacteria strains are patented.  
 
A pilot test run was performed for the thermo catalytic cracker (TCC-unit) in 2016 at 
Neste Naantali refinery. The aim of this test run was to study the use of alternative 
renewable feeds and how it affects the quality of the wastewater to be purified. After this 
test run, laboratory scale pilot-tests were done for the RBBR- bioreactor with the 
wastewater from the TCC test run. Biological sludge of Porvoo refinery’s wastewater 
treatment plant was used for these tests. 
 
The aim of this thesis is to study the performance of an RBBR-bioreactor for TCC-based 
wastewater and to optimize the refinery’s wastewater treatment process. This includes 
characterizing and defining the different wastewater effluent flows in the Porvoo refinery 
and studying the current wastewater treatment stages of the treatment. Laboratory analysis, 
simulations and pilot trials are used to find results and conclusions on the design and scale 
up a biological treatment system according to the load. This will give an estimate of the 
efficiency of the biological treatment. This information can be used for the estimation of 
the future investments in Neste refinery’s wastewater plant.   
 
Efficient methods are needed in wastewater treatment plants of Neste refineries in order to 
stay within the local and international emission limits. The Rotating Bed Biofilm Reactor 
studied was proven to be highly efficient in degrading phosphorous and biological content 
from wastewater of biofuel production and, therefore, could be used with the existing 
equipment or as a separate unit. 
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Using an RBBR bioreactor would save space in the wastewater treatment plant when 
compared to activated sludge tanks. For older and currently running refineries this reactor 
setup is easy to install without full-scale turnaround on the wastewater treatment plant. 
Maintenance and operability is easy if compared to an activated sludge system 

 
This still leaves room for questions of the efficiency and whether this type of reactor is the 
best for the wastewaters from biorefining industry. Nevertheless, this type of reactor could 
replace many of the conventional treatment units while saving energy, space, chemicals and 
the environment. 
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NOMENCLATURE 

 
RBBR    Rotating Bed Biofilm Reactor 
BAT       Best Available Technology 
TOC    Total Organic Carbon 
COD    Chemical Oxygen Demand 
CODMX   Chemical Oxygen Demand of a Mixture 
BOD    Biological Oxygen Demand 
VOC    Volatile Organic Compounds 
HRT    Hydraulic Retention Time 
OLR    Organic Loading Rate   
PAX    Poly Aluminum Chloride  
AS    Activated sludge 
AC    Activated carbon 
EK    NEXBTL pretreatment unit  
EMU    Emulsion breaking unit 
NEXBTL   Neste’s hydrotreated biodiesel 
TCC    Thermo Catalytic Cracker 
FCC    Fluid Catalytic Cracker 
VGO    Vacuum Gas Oil 
TOC    Tall Oil Crude 
TOP    Tall Oil Pitch  
SALR    Surface Area Loading Rate 
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INTRODUCTION 
 
 

1.1 The growing demand of renewable fuels 
 
Fossil fuels 
 
Fossil fuels, which include coal, oil (petroleum) and natural gas, are today the world’s 
primary energy source. They were formed from organic matter trapped into the soil as a 
result of geologic processes. [1] 
 
Petroleum is a limited resource and currently the estimated world reserve is 1706 billion 
barrels (at the end of 2016), which is sufficient to meet about 53 years of the global 
consumption. [2] However the world’s oil consumption and petroleum-based fuel 
production have increased steadily and the trend is still rising. For example, the production 
of oil products increased from 3602.7 million tonnes in 2002 to 4118.9 million tonnes in 
2012 (12% increase). [3]  
 
 

1.2 Biofuel refining 
Problems such as increasing energy demands, limited fossil fuel recourses, energy costs and 
the pollution problems from refining the petroleum-based fuels have made it imperative to 
find new sources of energy. Indeed, renewable energy is the fastest growing energy source. 
For example the global biofuel production rose by 2.6% in 2016 and the trend is risingg as 
seen from Figure 1. The 10-year average increase is 14.1%. [2]  
 

 
Figure 1. World biofuels production, million tonnes oil equivalent, 2016. [2] 
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Renewable energy is collected or refined from renewable sources such as sunlight, wind, 
rain, tides, waves and biomass. Globally, the largest proportion of produced bioenergy is 
formed by biofuels (Figure 2). Renewable energy’s share of the total primary energy supply 
was evaluated to be 13-15% percent in 2014 and the trend is rising. [4] 
 

 
Figure 2. Fuel shares of the world’s total primary energy supply. [4] 

 
Biofuels are gas, liquids or solids derived from living matter – biomass – including plant 
material and animal waste, sources from forestry and agricultural production as well as 
fractions of the industrial and municipal wastes.[5] These materials can be converted into 
fuel using different kinds of technologies (see below). The most common types of biofuels 
are biodiesel, renewable diesel and bioethanol. Most of the liquid biofuels are still 
processed from feedstock such as crops. [6] 
 
All biofuels that are competing with food production are classified as the “first-generation” 
of traditional biofuels. These food crops are thus explicitly grown for the fuel production. 
“Second-generation” biofuels are fuels processed from various types of biomass without 
competing with the food production. [7] 
 
The following feedstock, waste streams and different kinds of biodegradable materials can 
be converted into biofuels according to Pimiä and Kakko [6]: 

 Cereal crops and sugar crops for 1st generation bioethanol, produced by 
fermentation; 
 

 Oil crops and vegetable oils for 1st generation biodiesel, produced by 
transesterification; 
 

 Energy crops, algae, agricultural residues, waste streams and forestry resources for 
2nd generation bioethanol, fermentation with enzymes; 
 

 Fatty acid waste streams and tall oil for 2nd generation renewable diesel, produced 
by hydrogenation and gasification, Ficher-Tropch process. 
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Since renewable energy is the fastest growing energy source, the world is under pressure to 
study, develop and eventually produce effective alternative energy fuels. Importantly, the 
production should also meet the quality specifications and emission limits. 
 
 

1.3 Oil refining and wastewaters 
Wastewater is considered the single largest waste stream in oil and gas production 
worldwide. [8] Petroleum refinery effluents are wastes originating from industries operating 
in refining crude oil into different intermediate products. [9] Studies have shown that the 
volume of wastewater generated from a typical petroleum refinery effluents is variable - 
0.4-1.6 times the amount of crude oil processed. [9] 
 
Wastewaters from oil refineries are typically a combination of liquid or water-carried wastes 
combined with oily substances, which can, if left untreated, affect the nearby seas and 
groundwater by producing malodorous gases, increasing toxicity, promoting the growth of 
pathogenic, as well as mutagenic or carcinogenic compounds, increasing the nutrient 
concentration in water while stimulating the growth of aquatic plants. [10] 
 
Processing renewable feeds such as palm oil, soybeans, canola oil, animal fat, palm oil, corn 
oil and cooking waste oil increases the challenges in wastewater treatment in oil refineries. 
The effluents can have, for example, a high concentration of volatile components, organic 
acids, oily contaminants and changes in the pH as compared to crude oil processing. 
Generally, refining renewable raw materials produces different, more concentrated waste 
water high in phosphorous and nitrogen. [11] 
 
Refineries are obligated to treat wastewaters in separate wastewater units in order to 
decrease the pollution levels and to meet the demanded emission limits – regionally and 
globally. 
 
 

1.4 Wastewater emission legislation 
At the turn of the millennium, the EU Water Framework Directive (WFD) was established 
in response to the demand by citizens of the EU for cleaner rivers and lakes, outlined by 
the Eurobarometer in all 25 EU countries, which resulted in conclusion of “water 
pollution” being the main concern among respondents (47%) when asked from the list of 
five main environmental issues in Europe.  Twelve water notes were introduced to give an 
overview of the main aspect of the implementation of the framework. [12]  
 
Refineries need to follow regional emission limits in their area as well as limits set by 
different agencies by the government: e.g. the environmental organization in the USA, 
EPA, United States Environmental Protection Agency and in Europe the Pollution 
Prevention and Control (PPC) agency. [13] 
 
Wastewater emission legislation limits are followed and revised yearly. This sets mayor 
pressure for refineries to cope with higher pollution concentrations caused by refining 
renewable feed. It also causes problems in the conventional wastewater unit processes in 
the refineries worldwide. However strict limits cause pressure to develop new and better 
wastewater treatment systems. 
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1.5 BAT, Best Available Techniques 
Best Available Techniques (BAT), means the most effective and advanced technology 
available and the way in which the installation is designed, built, maintained, operated and 
decommissioned for providing the basis for emission limit values and other permit 
conditions designed to prevent and to reduce emissions and the impact on the 
environment. ‘Available techniques’ means “those developed on a scale which allows 
implementation in the relevant industrial sector, under economically and technically viable 
conditions, taking into consideration the costs and advantages”. [14]  
 
As stated in the EU Directive, Industrial Emissions Directive (IED, 2010/75/EU), several 
“basic obligations” should be applied when designing or updating industrial processes, 
applying also for wastewater treatment options. 
 
 

1.6 Biological treatment of wastewater 
Wastewater treatment units in a refinery consist of many steps and different phases and can 
be divided into primary, secondary and tertiary treatment. These phases can be further 
divided into smaller steps: physical, chemical and biological, all which describe the 
“purifying force” in each step. Again, these different steps can be divided into a single 
process units. [10] 
 
The biological treatment unit involves the contaminants to be transferred from one 
medium to another requiring a final step to eliminate the organic compounds. [9] Micro-
organisms metabolise soluble pollutants to produce carbon dioxide, water and more micro-
organisms (sludge). Biological treatment can be used with the wastewater treatment of 
renewable refining, since these effluents are high in organic compounds such as 
phosphorous and nitrogen. One example for this kind of widely and traditionally used 
biological treatment unit is activated sludge unit (AS). [15]  
 
The activated sludge (AS) is commonly used, and can be considered, a conventional 
process for dealing with the treatment of sewage and industrial wastewaters. In activated 
sludge process wastewater containing organic matter is aerated in an aeration basin in 
which micro-organisms metabolize the suspended and soluble organic matter and thus 
clean the water. It was developed around 1912-1914. [16] AS consists of three main 
components: an aeration tank, a settling tank and a return activated sludge equipment.[15] 
 

1.7 Rotating Bed Biofilm Reactor - RBBR 
A rotating bed biofilm reactor (RBBR) is a combination of activated sludge process 
(suspended growth) and biofilter processes (i.e. attached growth). Suspended and attached 
growth will be explained in detail in chapter 2.6. An RBBR-process typically uses the whole 
tank volume for biomass growth. It uses floating media, which work as carriers for 
attached growth of biofilms. Biofilm carrier movement is caused by the revolving of air 
bubbles. This treatment system is effective in the removal of nitrogen and phosphorus 
while also ensuring effective solids separation. 
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1.8 Neste Oyj’s biofuel refineries 
 
Neste Oyj, founded in 1948, is Finland’s only oil refining company, focusing on producing, 
refining and marketing oil products and renewables. Neste has operations in 14 countries 
and production lines in Porvoo, Naantali, Rotterdam, Singapore and Bahrain. The Finnish 
State has the largest ownership, 50.1% of the company. Neste’s engineering division is 
Neste Engineering Solutions Oy (since January 2018, formerly known as Neste Jacobs Oy). 
[17] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Neste is the world’s largest producer of waste based renewable fuels: in 2016 over 80% of 
the 2.8 million tons of renewable fuels produced where processed from waste feedstock 
and the trend is rising (Figure 3.). These include animal fat separated of carcass, oils from 
meat and fish industries, waste oils from vegetable oil production and frying oils from food 
industry and restaurants. Neste uses 100% traceable, certified palm oil and even reuses the 
palm sludge from palm oil production. [18] 
 
 
 
 
 
 
 

Figure 3. Neste's renewable feedstock use characteristic, 2012-2016, million tons [18] 
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1.9 Aims and focus of the thesis 
The aim of this thesis is to study the potential use of an RBBR-bioreactor in the Neste 
Porvoo refinery’s wastewater treatment unit in purification of the concentrated water of 
the biofuel production. This includes characterizing and defining the different effluent 
flows in the refinery, studying the data from the refinery scale test runs, laboratory analysis, 
simulations and pilot trials. With this information, it is possible to calculate and design a 
bioreactor in suitable volume according to the pollution properties and to give an estimate 
of the efficiency of the bioreactor – in terms of removal efficiency and operational savings. 
These findings can be important for the estimation of the future investments in the Porvoo 
refinery’s wastewater plant and Neste’s other refineries and to help the refineries keeping 
up with the emission targets internationally.   
 
Of note, some results of the current thesis are considered classified and are not reported in 
full. 
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 THEORY 2
2.1 Refinery’s waste water treatment 
The overall goal of wastewater treatment is to protect public health and the environment, 
by following economic and political guidelines. Effective wastewater treatment, 
optimization and, especially the design of a closed water system, require a thorough 
understanding of the wastewater features. Every oil refinery or other commercial refinery is 
unique and produces wastewaters in different compositions and volumes depending on the 
age of the refinery and its pipes, equipment and processing protocols, production volumes 
and feedstock. 
 
The water used in the refinery production processes comes from different sources, 
depending the availability near the refinery. Typical sources are sea water, ground water, 
lake or river water collected by stormwater harvesting or remain water in the crude oil. [8]  
 
Wastewater sources 
In the refining process of crude oil, the oil is converted into more than 2500 products in 
several chemical processes such as distillation, cracking, alkylation, reforming, 
polymerization, coking and hydrotreating. Refinery processes require large amounts of 
water although a large portion is recycled and reused within a refinery. Wastewater 
generated within these continuous processes is called process wastewater, since it has been 
in direct contact with hydrocarbons. [8] 
 
Process wastewater is produced because the water is already present in the crude oil when 
transported to the refinery. It is also produced since water vapor is commonly used as 
stripping medium or as a diluent in distillation and cracking processes. [19] Other sources 
of process wastewater include wash systems, water from knockouts and amine systems and 
steam stripping of the crude oil. The non-process wastewater typically comes from startup 
operations, cooling towers, container cleanse, industrial hygiene operations, purge waters 
and wash waters as well as office facilities. [8]  
 
One type of wastewater produced within a refinery is sour water, which is defined as:  
“wastewater contaminated with hydrogen sulfide (H2S)”. Typically, in refineries’, the sour 
waters are pretreated in sour water units before entering the main wastewater treatment 
unit. Pretreatment is essential because the hydrogen sulfur in sour water would cause 
malodorous gas, interfere with the precipitation of ferrisulfates in pretreatment and 
biological treatment. [8] The largest source of sourwater comes from processing the crude 
oil. Fluidized catalytic crackers (FCC) and thermo catalytic crackers (TCC) along with 
hydrodesulphurization units (HDS) and hydrocrackers also generate large amounts of sour 
water. [19] 
 

2.2 Wastewater characteristics and process design 
Within a typical refinery, the water network is as tailored to the refinery as its processes 
[20]. For 1 million tons of crude oil treated, the amount of process wastewater produced 
varies widely between 0.1- 1.5 million m3.[11]  Petroleum refinery effluents can vary 
considerably depending on the type and source of oil processed, operational procedures 
and quality configurations. [9] The large number of different refinery units can result in the 
lack of uniformity in the refinery effluents and, thus, make the wastewater treatment 
challenging.  
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Process wastewater is usually rich in oil and organic substances and many other organic 
toxic compounds. [19] In general, the contaminants that are found in oily wastewater 
coming from refineries and that are of concern are: different suspended solids, phenols, 
benzenes, xylenes, sulphides, ammonia and polyaromatic hydrocarbons. [20] These 
compounds are measured and treated in different ways within a refinery wastewater 
treatment plant.  
 
 

2.3 Water pollution sources and measurement 
 
The organic part of the wastewater is typically divided between the biologically 
decomposable and chemically decomposable. An important part of standard water quality 
analysis is determining the biological oxygen demand (BOD) and chemical oxygen demand 
(COD). These tests provide a metric value to help determine the effectivity of a treatment 
process. [22] 
 
Other common water quality parameters monitored are pH, temperature dissolved oxygen 
(DO), oxygen demand (OD), total organic carbon (TOC), nitrogen (N), phosphorous (P), 
phenols and conductivity. OD usually includes both COD and BOD. [21] 
 
These pollutants are representative in typical wastewater effluent in different 
concentrations depending on the process, as presented in Table 1. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Source Oil
H2S           

(RSH)

NH3    

(NH4)
Phenols

BOD 

COD 

TOC

CN
-                 

(CNS)
TSS

Distillation unit XX XX XX X XX - XX

Hydrotreatment XX XX(X) XX(X) - X(X) - -

Visbreaker XX XX XX XX XX X X

Catalytic Cracking XX XXX XXX XX XX X X

Hydrocracking XX XXX XXX - X - -

Lube oil XX X X - XX - -

Spent caustic XX XX - XXX XXX X X

Ballast water X - - X X X X

Utilities (Rain)  -(X) - - - X - -

Sanitary/Domestic - - X - X - XX

      Key:                             X=>50 mg/l        XX=50 - 500 mg/l       XXX=>500 mg/l

Table 1. Representative concentration of pollutants in typical refinery effluents before treatment . 
RSH=mercaptans, CNS= cyanides, TSS=total suspended solids  [75] 



Sonja Anttio-Tuulari 
 

16 
 

 BOD - Biological oxygen demand 2.3.1
BOD is the measurement of the dissolved oxygen used by the microorganisms in the 
biochemical oxidation of organic compounds in the wastewater. BOD determination is 
widely used since it simulates the biodegradation process of the aggregated organic 
pollutants in natural conditions. It is used to determine the size of wastewater units and 
equipment, measure the efficiency and to follow the compliance with discharge permits. 
[10], [21] The BOD analysis typically requires 3-7 days to perform, depending on the 
analysis type selected (expressing as BODn days). [23] 

 COD - Chemical oxygen demand 2.3.2
Chemical oxygen demand is an indicative and indirect measure of the oxygen needed to 
oxidize soluble and organic matter in water. In other words, the COD value indicates the 
amount of pollution (which cannot be oxidized biologically). It is commonly expressed 
in mass of oxygen consumed over volume of solution, milligrams per litre (mg/l). [24] The 
amount of oxygen required to oxidize an organic compound to carbon dioxide, ammonia, 
and water is given by the following equation [24]: 
 

𝐶𝑛𝐻𝑎𝑂𝑏𝑁𝑐 + (𝑛 +
𝑎

4
−

𝑏

2
−

3

4
𝑐) 𝑂2 → 𝑛𝐶𝑂2 + (

𝑎

2
−

3

2
𝑐) 𝐻2𝑂 + 𝑐𝑁𝐻3  

 
Widely used and most practical method for COD determination is CODCr. Potassium 
dichromate (CR2) is a strong oxidizer which can oxidize organic compounds almost 
completely to carbon dioxide and water. Acidity is usually achieved by the addition 
of sulfuric acid. The method can be used in a wide concentration levels. [10][25] 
 
Chemical oxygen demand is an important measure for the determination of the organic 
composition and the load of the wastewater. The aeration pools of a wastewater treatment 
plant are scaled to dissolve specific amount of organic matter. In the event of an occasional 
larger load of organic matter, as compared to the oxidation capacity of the aeration pool 
and equipment, the normal functioning may be impaired. For example, low oxygen level 
can cause overpopulation of the bacteria and badly settling sludge. [10] [24] 

 BOD/COD  2.3.3
The interrelationship between BOD and COD values gives the biodegradability index. It is 
used as an indicator of the capacity for the waste water to degrade biological content. [25] 
Usually the COD values are higher than e.g. BOD5 values and the ratio between them 
varies based on the industrial process and nature of the raw materials. [22] 
 
There are official values for BOD5 / COD biodegradability index for different types of 
wastewater but the reported values for biodegradability index for municipal wastewaters 
vary from 0.3 to 0.8. The ratio can exceed 10 for industrial wastewater. Generally, values 
greater than 0.5 means that the wastewater is considered easily treatable by biological 
means. A ratio lower than 0.3 means the water has toxic components or specific micro-
organisms may be required in its stabilization. [22] [10] 

 VOC - Volatile organic compounds 2.3.4
Organic compound that have a boiling point less than or equal to 100oC and/or vapor 
pressure greater than 1 mm Hg at 25oC are generally considered to be volatile organic 
compounds (VOCs). 
 

https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Litre


Sonja Anttio-Tuulari 
 

17 
 

VOCs seriously impact air quality and thus human health, through initiating the formation 
of ground-level ozone (O3) and fine particulate matter in atmosphere. In refinery 
environment they occur as leakage from valves and lines, evaporation from tanks, and as 
fugitive emissions from wastewater treatment, etc. They are thus a risk factor for personnel 
health. The integrated VOCs emission factor of 1.08–2.65 (g VOCs/kg crude oil refined) 
was concluded for the petroleum refining industry in developed countries. VOC’s are 
analyzed with a gas chromatograph or mass spectrometry. [8] 

 TOC analysis and pollution characteristics 2.3.5
Total organic carbon is a non-specific test which will determine the sum of all organic 
carbon within those complex compounds found in the wastewater. Several methods exist 
for measuring TOC, each method has two common objectives: to oxidize organic carbon 
to carbon oxide and to measure the carbon oxide generated. The TOC value of the 
wastewater can be used to determine the pollution characteristic of a wastewater and in 
some cases the TOC values has been related to COD and BOD values. [26]  

 Nitrogen 2.3.6
Nitrogen and phosphorous are essential elements for the growth of microorganisms, plants 
and animals. Nitrogen is a building block of proteins and therefore nitrogen data is needed 
when evaluating the treatability of wastewater by biological treatment. [10]  Nitrogen is 
present in wastewaters in different forms: NH4+, NO2-, NO3-, N2. Processing of organic 
feedstock increases the nitrogen content of a wastewater. In wild aqueous environment 
nitrogen causes (unwanted) overgrowth of the vegetation. Nitrogen can be broken into 
inorganic forms, nitrogen gas (N2), nitrite and nitrate by microorganisms. [27]  

 Phosphorous 2.3.7
Most of the phosphorous is present in wastewater in inorganic forms example: PO4

3-, 
HPO4

2-, H2PO4, H3PO4. These are available for biological metabolism without further 
breakdown and utilized easily by e.g. algae. Phosphorous can cause toxic algal blooms in 
the surface waters if phosphorous emissions are not controlled. [10], [27] 

 Phenols 2.3.8
Phenols are the simplest class of chemical compounds phenolics, which is also called 
carbolic acid C6H5OH. Different phenolic compounds are a significant threat to the 
environment, animals and humans due to their extreme toxicity and carcinogenic effects. 
These compounds are also very stable in nature, and have a tendency to remain in the 
nature for long periods of time and bioaccumulate. [9] Phenol compounds have many 
derivatives such as Bisphenol A (BPA), chlorophenols (CPs), and phenolic endocrine 
disrupting compounds. [28] Phenol can be degraded by pure cultures as well as mixed 
bacterial consortia. [29] 

 Temperature 2.3.9
Optimum temperatures for bacterial activity are between 25 to 35oC, which means 
wastewater in refinery wastewater unit is suitable for bacteria growth. Under 15oC the 
methane-producing bacteria become inactive. Temperature influences on the bacteria 
metabolism reaction rates. [10]. 

 pH 2.3.10
The hydrogen-ion concentration along with the temperature is another important quality 
parameter for wastewater. Suitable concentration range for biological activity is narrow, pH 
6-9 typically. Wastewaters with a high hydrogen-ion concentration released to the oceans 
can alter the natural waters. Allowable pH range for the effluent varies from 6.5 to 8.5.   
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 Oil and grease  2.3.11
Grease and oil are very similar chemically. The glycerides of fatty acids that are liquid at 
room temperature are called oils and those that are solids are called grease or fats. [10]  Oil 
and grease have the tendency to be sticky and to aggregate, clog and corrode sewer pipes. 
They also stick onto objects and walls thus blocking filters and strainers. [9] 
 

2.4 Bioreactor properties 

 Organic Loading Rate 2.4.1
Reactors Organic Loading Rate (OLR) expresses the reactor or aeration tank efficiency 
volume (m3) versus the amount of the organic matter fed to the reactor (KgCOD/m3/day). 
Basically the process is scaled to work at a specific range of loading value. When the 
amount of feed and the reactor efficiency in volume is known, the required reactor size can 
be calculated. The balanced load depends not only on the properties of the feed but also 
on the physical and chemical conditions and microbial adaptation. [30] 

 Hydraulic retention time  2.4.2
The process’ Hydraulic Retention Time (HRT) is based on ratio between the reactor and 

load volumes, where V is m3 and �̇� is m3/s: 
 

𝑡𝐻𝑅𝑇 =
𝑉

�̇�
      (1) 

 
The retention time can also be expressed in Solid Retention Time (SRT) if the system has a 
sludge back circulation. Usually, there is no circulation and thus the HRT = SRT. With the 
circulation, part of the solids and bacterial sludge is returned and circulated longer in the 
system, and then the SRT > HRT. 
 
The easier the load is to biodegrade, the shorter the hydraulic retention time naturally is. 
The organic load and the retention time subsequently go hand in hand and they are 
depended on each other. Higher load results in shorter retention time. [30] 
 
Typical online measurements on an oil refinery are: feed (weighing or flow rate), reactor 
volume (level measurement), reactor temperature, pH, biogas formation (flow rate), 
methane concentration and TOC. 
 

 BOD/COD/Phenols loading rate  2.4.3
The loading rate of BOD, COD or phenol can be calculated from the designed flow of the 
wastewater entering the reactor or tank, 𝑄, (l/day), which is called influent. If the substance 
concentration, 𝑆, is known (g/l), the loading rate can be calculated: 

 

𝑚 = 𝑄 ∙ 𝑆      (2) 
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 Surface Area Loading Rate  2.4.4
One of the key design parameters for the process design calculation of the required reactor 
or tank size is the surface area loading rate (SALR or Va) expressed in g/m2/day. It 
expresses the amount of the compound being remover (g/day) with a certain carrier 
surface area (m2/d). Therefore, for example for COD removal, the SALR would be g 
COD/day entering the reactor or tank per m2 of effective carrier surface area Ae. SALR 
values require either literature reference or pilot run or test results with the reactor of 
interest. The SALR can be calculated if the effective surface area and the flow rate of the 
carrier is known.  

𝑉𝑎 =  
𝑄

𝐴𝑒 
         (3) 

 

 Carrier surface area 2.4.5
 

When the loading rate of parameters is known, the required carrier surface area Ar (m
2 ) 

and required carrier volume Vc (m
3) can be calculated: 

 

𝐴𝑟 =  
𝐵𝑂𝐷𝑙𝑜𝑎𝑑

𝑉𝑎
     (4) 

 

𝑉𝑐 =
𝐴𝑟

𝐴𝑒
      (5) 

 Reactor or tank volume 2.4.6
Required tank or reactor volume Vr can be calculated with the required carrier volume and 
the carrier fill rate %.  

𝑉𝑟 =
𝑉𝑐

(
%

100
)
      (6) 

 
Volume of liquid in a horizontal cylinder vessel on its side, as presented on Figure 4, can be 
calculated. The h is the distance from the top of tank to surface of liquid,  R is radius and L length 

of the reactor: 

 
 
 

𝑉 = (𝜋𝑅2 − 𝑅2𝑎𝑟𝑐𝑐𝑜𝑠 [
(𝑅−ℎ)

𝑅
] + (𝑅 − ℎ)√2𝑅ℎ − ℎ2) 𝐿   (7) 

 
Figure 4. Calculation of the volume of liquid in a horizontal cylinder vessel  
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2.5 Wastewater from biofuel production 
The basic feedstock used to produce renewable fuels is vegetable oils and animal fats. 
These are triacylglycerols and the traditional process used in the production is 
transesterification. This process is typically conducted in commercial plants in the presence 
of the homogenous alkali catalyst. Notably, while there is much research on the production 
and fuel properties in renewable energy production, the wastewater treatment, 
environmental management and risks are rarely considered in depth. [31] 
 
Bioethanol 
Bioethanol is an alcohol used as a blending agent with gasoline. It has mostly replaced lead 
as an octane enhancer in petrol. Bioethanol oxygenates the fuel mixture so that it burns 
completely and reduces harmful emissions. The most common blend is 90% petrol and 
10% ethanol. [32] 
 
Bioethanol is mainly manufactured through fermentation of sugars derived from plant-
based feedstock and crops containing starch, such as corn, wheat, sugar cane, cellulose and 
plants. [7] Bioethanol production methods used are enzyme digestion, where the sugar is 
released from the stored starches (milling, mechanical crushing, heating), fermentation to 
sugars mash using yeast, whereby the sugar is converted into bioethanol and CO2, 
distillation and drying. [33] The production of ethanol from corn requires three to four 
times of water for each litre of ethanol produced and the ratio is even higher (up to six to 
10 times of water) for each litre of cellulosic ethanol. [34]  
 
There are certain problems with the wastewater from the bioethanol production. It has a 
very high total chemical oxygen demand (TCOD >125 000 mg/L), high TSS and sulfate 
concentration (4400 mg/L) as well as high silica, calcium, magnesium and manganese 
concentrations. Typically, in bioethanol process, additional gas treatment processes will be 
required to remove H2S. [35] 

 Wastewater from Biodiesel production 2.5.1
Biodiesel production generates highly polluted wastewater including high contents of 
chemical oxygen demand (COD), biological oxygen demand (BOD5), oil, methanol, soap 
and glycerol. [36] 
 
The traditional biodiesel products, also called FAME (Fatty Acid Methyl Ester), are made 
from using only the vegetable oils. The term “biodiesel” is thus used only for FAME.  [36] 
Other diesels are called “renewable diesel”, including animal fats, waste and residues and 
the mixtures of these feedstocks. Neste’s NEXBTL diesel (Next Generation Biomass to 
Liquid) is a renewable diesel which can be produced from all organic biomass and is 
currently produced from up to 12 different materials. [6] New raw materials are also being 
explored and developed all the time.  
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Figure 5. Process steps in biodiesel production. [6] 

 

 NEXBTL production process 2.5.2
Neste’s second-generation biodiesel is called NEXBTL. In the autumn of 2011, a new 
plant in Rotterdam (Holland) was opened, with a capacity of 800 000 tons per year. Neste 
has a renewable diesel plant in Singapore (2010) and NEXBTL operations in Porvoo 
started in 2007. In addition to NEXBTL diesel, all plants can also produce NEXBTL 
aviation fuel. [6] 
 
In the NEXBTL production, raw materials, vegetable and animal fats, are diverted from 
storage tanks to the pre-treatment unit where they are cleaned (Figure 5). The chemicals 
used in the pretreatment process are H3PO4 (75%) and NaOH (50%). The resulting fatty 
acids are hydrogenated to n-paraffins. During the wrapping step, the temperature is 330-
450 °C and the pressure is 5 MPa. Commercial catalyst desulphurization catalysts are used 
as catalysts. [39]  
 
Since hydrogen hydrocarbon treatment alone does not produce diesel fuel with good low 
temperature properties, the mixture of hydrocarbons must be isomerized. The molecular 
structure of n-paraffin is treated with a suitable catalyst so that the total amount of carbon 
remains high and the methyl chains are formed in the carbon chain at suitable locations. 
The different raw materials provide a hydrocarbon equivalent to the chemical composition 
of fossil diesel. The quality of the finished product is always the same regardless of the raw 
material used in the manufacture. The waste generated is acidic wastewater; the latter also 
releases fuel gases. [39] 
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Figure 6. NEXBTL process. [39] 
 
 
Simplified process and water sources are presented in the Figure 6. Wastewater from the 
pre-treatment stage is processed at the refinery's own wastewater treatment unit. 
Wastewater is generated by washing and drying the raw material. The solid waste generated 
in the pre-treatment is dried and used for energy at the power plant. Solid waste contains 
fat, water, phosphorus, nitrogen and metals (Fe, Ca and Mg). [39] 
 

 Renewable feeds processing 2.5.3
Processing renewable feeds increase the challenges in wastewater treatment, because of the 
high COD) and BOD contents, high concentration of phosphorous and nitrogen, 
changing pH and oily contaminants. [11] Renewables cause higher grease content in the 
wastewater along with organic acids, volatile components such as benzene, formaldehyde 
and phenols. [40] These components vary in the wastewater depending on the feed. 
Vegetable oils, rapeseed, palm oil and soya oil for example, all produce slightly different 
components to the wastewater.  
 
Animal fat 
Technical tallow means animal fat from destruction factory and slaughter houses which is 
separated from the animal carcass and rendered. The solids are then removed from the fat 
and maximum solid content is typically 0.15 weight-%. [41] 
 
VGO, vacuum gas oil 
The feed for the vacuum distillation is obtained from the bottom of the crude oil 
distillation, which can not be processed normally. This part is distilled in the vacuum 
distillation unit. In this method, the pressure above the liquid mixture to be distilled is 
reduced to less than its vapor pressure. One of the different distil is vacuum gas oil, and is 
further used as feed for the thermo catalytic cracker (TCC).  
 
TCC unit 
In cracking processes, large hydrocarbon molecules are cracked to smaller molecules either 
at high temperature (thermal cracking) or by catalyst under high pressure (catalytic 
cracking, hydrocracking). Large amounts of hydrocarbons suitable for gasoline and other 
light fraction compounds are recovered in cracking process. [38] 
 

https://en.wikipedia.org/wiki/Vapor_pressure
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In the TCC unit, VGO is cracked under low pressure and high heat with a catalyst to 
lighter oil fractions which are separated by distillation. The unit's products are gas, petrol, 
petroleum, light gas oil, gas oil and base products. Recycling of the catalyst takes place with 
air and the catalyst is regenerated in a furnace. [38] 
 
Tall Oil Pitch  
Crude Tall Oil (CTO) is an adaptable raw material that is produced as a side product when 
pulping coniferous trees. The tall oil is derived from the rosin and fatty acids which are 
naturally present in the wood. These acids are converted into soluble sodium salts (soap) by 
high alkanity and temperature in a process called Kraft cooking. The spent cooking liquor 
is called “black liquor”, which is then concentrated and the soap is skimmed off at the end 
of the process. [42] [38] Along with more traditional distillation tall oil products (eg. resin 
and fatty acids), biodiesel plants have begun to use the Tall Oil Pitch (TOP) distillate. It 
can be used as a renewable substitute for the fossil heavy gas oil. [42] 
 
 

2.6 Refinery wastewater treatment plant 
 
Common wastewater treatment methods used in the petroleum refinery industry include 
coagulation, flocculation, adsorption, membrane and chemical oxidation. [43] These 
methods are included in different stages, primary, secondary and tertiary treatment, 
although, these stages can vary depending on the refinery. One example of a conventional 
wastewater treatment process is presented in Figure 7. Next, the different unit operations 
will be discussed briefly. 
 

 
Figure 7. Conventional wastewater treatment process. [44] 
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Pretreatment  
Refinery wastewaters can run through various pretreatment units and processes before 
entering the main wastewater treatment plant. Wastewater pretreatment is carried out as 
part of an integrated wastewater management and is important in protecting the conditions 
of the final wastewater treatment plant. For example, it protects the biological treatment 
against inhibitory or toxic compounds such as metals. It also removes compounds which 
are poorly degraded in the final treatment and removes compounds which are otherwise 
stripped to air during treatment such as benzene and VOC’s. Pretreatment also removes 
substances which could cause corrosion in pipes or equipment, unwanted reactions with 
other substances or contamination of the sludge. [45] 
 

 Physical & chemical treatment 2.6.1
 
Physical unit operations 
Operations where treatment of the wastewater occurs with the application of physical 
forces are known as physical unit operations. [10] They can occur in any stages of the 
treatment. In the physical treatment steps, the number of suspended solids, immiscible 
liquids, solid particles and suspended substances (colloids and dispersions) is reduced 
mechanically by gravity in primary settling and API-pools. In the API-pools, gravity allows 
any oil in the water to rise to the surface of the pool and any solid particles to sink to the 
bottom. [9] This also reduces the salt and sulphide content of the wastewater which could 
inhibit the following biological treatment. A continually moving scraper pushes the oil to 
one end and the solids to the other and the recovered oil can be reprocessed. [46] Physical 
units operations are for example screening, mixing, flocculation, sedimentation, flotation, 
aeration, filtration and membrane filtration. [10] 
 
Chemical unit operations 
Chemical unit operations are based on chemical reactions and are typically used in 
conjunction with physical operations – resulting in physiochemical operation. [10] It is also 
used with the biological treatment operations. Chemical operations are used to disinfect, 
precipitate phosphorous and to coagulate particles in the wastewater. In oil refining, the 
most important role of the chemical treatment is to decrease heavy metal and small-sized 
suspended solids by flocculating them into large-sized particles which can be easily 
removed by filtration, sedimentation or flotation. [43] For example, small suspended oil 
particles are removed in the dissolved air flotation unit, where a certain polyelectrolyte 
chemical is added in order to help bind the small oil particles into larger ones. These large 
oil particles are floated with air to the surface of the pool where they are scraped off. [43] 
The downside of using chemicals in the treatment process is that there is usually an 
increase in the total dissolved constituents (TDC) in the wastewater. [10] 
 
Biological processes are often used for wastewater treatment rather than physicochemical 
treatment processes, because these processes are effective, economical, well studied and 
energy efficient. [43]  Unfortunately, microorganisms are sensitive to toxic constituents 
which is why the physical and chemical pretreatment operations are also necessary. 
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 Biological treatment 2.6.2
Biological wastewater treatment processes have been gaining much interest in recent years, 
since they offer low operational costs, work effectively, provide easy handling and cleaning 
and help minimize the harmful effects on the environment. [47] 
 
It is challenging to remove small suspended oil particles and dissolved elements such as 
phosphorous, nitrogen, phenols or organic matter by the sole use of physical and chemical 
technologies. Wastewaters containing biodegradable components can be treated 
biologically with the help of microorganisms (naturally occurring, commercial, specific 
groups) to oxidize organic matter into CO2, H2, CH4. [43] This can occur under aerobic, 
anaerobic or semi-aerobic conditions. Biological processes are categorized into suspended-
growth, attached-growth (or biofilm) or hybrid process.  [48]  
 

 
Figure 8. Example of suspended growth and attached growth of biomass. [47] 

 
In a suspended/dispersed-growth process, microorganisms are maintained in liquid in 
suspended or dispersed form which is operated with mixing under aerobic on anaerobic 
conditions. As seen from Figure 8, there is no support medium as compared to attached 
growth. The most common suspended growth process is the activated-sludge process (AS), 
which will be discussed in the next section. [15] Different types of reactors utilize either 
one of these phenomena or the hybrid reactors even both, as seen in Figure 9. 
 

 
Figure 9. Classification of aerobic treatment processes by the state of the biomass. [49] 
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 Suspended growth  2.6.3
 
Activated sludge process 
In activated sludge process, wastewater containing organic matter is aerated in an aeration 
tank in which micro-organisms metabolize the suspended and soluble organic matter. The 
following units are integral parts of any continuous-flow activated sludge system: i) 
an aeration tank (bioreactor); ii) a settling tank (clarifier) for separation of solids and treated 
wastewater; and iii) a return activated sludge equipment (Figure 10). [49]  
 

 
 
 

Figure 10. Activated sludge (AS) process.[5] 

In the aeration tank, influent wastewater is mixed and aerated with the microbial 
suspension, also called mixed liquor suspended solids (MLSS).  The biomass will grow by 
using the substrates present in the influent wastewater. The mixed liquor flows to a clarifier 
where the microbial suspension (biomass) is settled and thickened. A part of the solids that 
settle in the bottom of the clarifier is recirculated to the reactor (return sludge or activated 
sludge), because of the presence of active microorganism, which is responsible for the high 
efficiency of the system. The other part of the solids (excess sludge, also called biological sludge 
or waste sludge) is withdrawn from the system daily or periodically as the process produces 
excess biomass that would accumulate. Excess sludge is directed to the sludge treatment 
stage. [49] 10] 
 
One important feature of the activate sludge system is the formation of floc particles which 
can be removed in the clarifier by settling.  This is due to gelatinous matrix, which allows 
bacteria, protozoa and other microorganism to form macroscopic floc. Due to the 
recirculation of the sludge, the concentration of suspended solids in the aeration tank is 
high. In the activated sludge process the hydraulic retention time, HRT, is from 6 to 8 
hours while a typical sludge age is 4 to 10 days. [49] 
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Suspended growth systems are typically unable to tolerate highly variable waste streams, 
either change in flow or in the load. The micro-organisms can get washed out of the 
system and to the clarifier if the flow increases. In addition, in sudden higher or lower loads 
the organisms will still continue to degrade the contaminants at a constants rate; leading to 
reduced efficiency. 
 
Suspended growth systems produce sludge multiple times more than an attached growth 
system, even up to 80% more sludge. Lower sludge production results in savings in sludge 
handling, storage and disposal costs. [50] 
 

 Attached growth 2.6.4
The most common attached growth process are trickling filter, moving bed bioreactors, 
rotating biological contactors (biodiscs) and submerged aerated biolfilters. In all reactors 
with attached biomass, the biomass grows attached to a support medium to create a 
biofilm and the metabolic conversion processes take place inside the biofilm. Attachment 
to the support medium is resulted by composition of the media used, different cell-cell 
interactions and the presence of polymer molecules on the surface. [49] [47]  
 

 
 
 

The support medium can be of any nature, such as solid natural (rocks, stones, gravels, 
sand, peat, moss, ceramics, soil and textile), artificial (rubber, plastic) or even granules of 
the biomass itself. These biofilms grow on support media and receive the important 
nutrients and organic matter from the wastewater that runs through and over them (Figure 
11). [47]  
 
In attached growth systems, there is a difference in the density gradient of the support 
medium and the density of the liquid inside the reactor that allows the velocity gradient 
between the liquid and the external layer of biofilm. This is required in order for the cells 
to grow as only bacterial cells that are continuously exposed to new substrates tend to stay 
active. [49] [47] 
 

Figure 11. Plastic biofilm. [56] 
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The rate of the oxygen transfer to the cells is the limiting factor and rules the biological 
conversion rate. The oxygen available for the microorganisms is determined by the 
solubility and mass transfer as well as the rate at which the oxygen is utilised by the 
bacteria. [49]  
 
The additional attached biomass is important when treating slowly biodegradable 
substances. The attached biomass along with the suspended one also increases the total 
biomass concentration and ensures higher solid retention time (SRT). [51] Many of the 
currently used wastewater systems utilize both suspended and attached growth, such as the 
Moving Bed Biofilm Reactor. 
 
Attached-growth processes typically are energy efficient, offer simpler operation, and need 
less equipment maintenance than suspended-growth systems because there is less 
technology and different equipment involved. The RBBR also tolerates shock loads better. 
 
The disadvantages related to attached-growth processes include a larger land space 
(footprint), odour problems, clogging and the difficulty to handle high volumes of 
wastewater. Therefore, larger facilities often aim for suspended-growth processes, while 
attached-growth processes work better in small- to medium-sized operations. [51] [50] [52] 
 

 Aerobic Biofilm Reactors 2.6.5

 MBBR – Moving Bed Biofilm Reactor 2.6.6
Moving bed biofilm reactor (MBBR) is a combination of activated sludge process 
(suspended growth) and biofilter processes (attached growth). It was introduced ca. 30 
years ago and now it is used all over the world in large-scale. Processes with moving beds 
have the support medium in a continuous movement. Generally, a material with large 
specific area is used for the attachment of the biomass (diameter 0.2- 2 mm). The MBBR 
process is highly effective and it uses the whole reactor volume for biomass growth. It uses 
floating media, which operate as carriers for attached growth of biofilms. [29] Biofilm 
carrier movement is achieved by the agitation of air bubbles ensuring complete mixing and 
continuous operation (Figure 12). A constantly operating a MBBR does not require 
backwashing or return sludge flows, as agitation moves the carrier elements over the 
surface of the screen thus preventing clogging. [53]  
 

 
Figure 12. MBBR, set up. [54] 



Sonja Anttio-Tuulari 
 

29 
 

The biofilm process removes toxic pollutants at a steady pace, operation is simple and the 
system is compact in size. In the Figure 13, a simplified set up for a MBBR is presented.  
Biofilm processes work without the typical problems including high head loss, medium 
channelling and clogging. [29] In addition, moving bed reactors provide a better control of 
the thickness of the biofilm and higher mass transfer characteristics. The concentration of 
the biomass in a MBBR can be increased in two ways: by raising the amount of moving 
media in the reactor or by using media with a more effective biofilm. This increases the 
resistance to toxicity and improves the performance of a MBBR. [53]   
 
Compared to the other bioprocesses invented for biological treatment of wastewater, 
biofilm processes play important roles in the detoxification of hazardous organic 
contaminants such as phenol. Phenol, particularly in high concentrations, is not easily 
treated biologically because of the substrate inhibition, but it can be biodegraded by proper 
microbial adaptation. The MBBR system is effective in removal of BOD as well as nitrogen 
and phosphorus while ensuring effective solids separation. [53]   
 

 
Figure 13. The MBBR process setting. [53]   

An advantage with the moving bed compared to fixed bed process is the absence of the 
clogging of the filter medium. A disadvantage is high operational cost (energy) and the 
efficient devices necessary for adequate flow distribution and aeration. Construction costs 
are lower than activated sludge system. Operation and maintenance cost may be higher 
because of the saturation in oxygen and pumping. [53]   
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 RBBR – Rotating Bed Biofilm Reactor 2.6.7
The rotating bed biofilm reactor (RBBR) is a compact, closed and scalable biological 
wastewater treatment process of centrifugal and cylindrical type, which utilizes carrier 
technology to provide a large surface for a microbial culture. Example of an RBBR reactor 
is presented in the Figure 14. It shares the same treatment principles of operation as the 
MBBR, but with a few key differences:  injecting air at a proper angle rotate the carriers 
and creates air bubbles which are captured by the carrier elements that are slightly denser 
than water (1.01 g/cm3). Reactor’s rotation forces are presented in the Figure 15. Rotating 
inside the reactor therefore creates better conditions for oxygenation an allows the filling 
fraction / the treatment area of the carried element to be up to 95%. In a such a set up 
high filling ratio results in high efficiency. [55][56]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Rotating movement creates several advantages over other options: energy efficiency, even 
nutrient concentrations, it requires less space, increased resistance to upset conditions and 
decrease in the maintenance and cleaning needs inside the reactor. [57] The RBBR 
bioreactor and the feed specific bacterial mixture is patented. [55]  Furthermore, closed 
system enables odour-free operation and eco-friendliness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 15. Bioreactor rotation forces. [56] 

Figure 14. The RBBR reactor [55] 
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2.7 Upgrading a biological treatment system 

 Microbes growth in biological treatment 2.7.1
Biological processes of wastewater treatment consist of mixed communities with a wide 
variety of microorganisms. The wastewater purifying bacteria need oxygen for breathing 
and use wastewater’s organic compounds as energy source, nutrients and growth factors. 
The micro-organisms metabolise soluble pollutants to produce carbon dioxide, water and 
more micro-organisms (sludge). [58] 
 
Bacterial species are specialized in various kinds of methods of decomposing complex 
compounds. For example, the decomposition of a complex compound require many steps, 
which correspond to different bacterial species with a specific metabolic pathways. [59] 
 
The appropriate microbes for microbiological degradation may already be present in the 
wastewater or may have to be added. The latter is necessary if difficultly degradable 
compounds such as phenols are present in the water. These specially selected 
microorganisms can be achieved by selection and adaptation technique. [45] Most 
technique uses naturally improved microorganisms (e. g. prokaryotic cells or bacteria, 
photosynthetic bacteria or yeasts, fungi and photosynthetic microalgae) to treat 
wastewaters loaded with TOC/COD. There are three steps: selection of naturally occurring 
microorganisms; generation of microbial variants with characteristics to treat the wanted 
pollutants in wastewaters; introduction of the improved microorganisms into the water 
treatment process. [60] 
 
 
Bacteria optimal growth  
Biological treatment units are sensitive systems because of the various bacteria present: the 
environment of the wastewater treatment plant needs to be controlled in order to offer the 
bacteria the right oxygen level, pH level, temperature and level of nutrients. To ensure the 
optimal growth of the bacteria, their “diet” needs to be in balance, especially the ratio of 
mineral nutrients such as Nitrogen (N) and Phosphorous (P). [15] 

 
Figure 16. The logarithmic bacterial growth curve.[47]  
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The highest performance of the unit is when the number of bacteria is high and stays 
inside the logarithmic growth region of the bacteria mass (Figure 16). Therefore, optimal 
operation requires removal of the biomass from the system, to avoid the loss of sludge 
vitality and resistance to chemicals and to avoid sludge decay while the number of bacteria 
also decreases. 
 
In a continuous wastewater treatment unit, the bacteria culture either forms a strong, 
effective population and starts to multiply, or inevitably dies out if the conditions are not 
optimal. [15] 

 Current state of an industrial wastewater treatment plant 2.7.2
Upgrading of waste treatment plants includes the modification of existing operations and 
systems for improved operation, maintenance and performance. It can also include adding 
new treatment facilities and processes that enhance performance, improve efficiency of the 
treatment process and provide higher levels of treatment in concert with new regulations, 
lower emission limits for discharge or disposal.  
 
First step is the plant operating data evaluation. This can be done by the analysis of 
histograms, linear correlation, on-line process monitoring, computer models or pilot-scale 
testing. 
 

1. General data of the chemical production processes i.e. process flows, showing the 
origin of emissions. Description of the pretreatment steps and their efficiency. 

2. Characteristics of the wastewater (or waste gas), as comprehensively as it is 
reasonably possible. Average values, variability of flow, pH and conductivity, load 
concentrations, relevant pollutants, COD/TOC, toxic compounds, BOD/COD 
ratio or other data on bioeliminability [60] 

 

 Evaluating suitability and efficiency of a bioreactor  2.7.3
Selecting a new renewable feedstock or optimization of a current process in a refinery, 
requires different design steps. Results must be detailed enough to make an investment or 
process design decision. These can be obtained with simple laboratory tests, large plant 
scale test runs or unit scale or laboratory pilot scale tests.  The point of approach can be 
different depending of the motive for the studies e.g. new feedstock or pollution limits. 
[62] The current trend in renewable fuel production has been to aim the focus on scientific 
studies on the production and fuel properties while its environmental management is rarely 
considered.  
 
To meet waste permit limits it will be appropriate to consider the variability of the 
wastewater characteristics, the efficiency of the biological treatment system and the 
reliability of the mechanical treatment plant components. Even with efficient design and 
operation of an existing plant, it might not be possible to meet the pollution requirements, 
in which case, additional process optimization actions or implementation of a new 
treatment technology is necessary. Also, more focus is being placed on operational 
reliability, reducing operating costs. [10] These challenges can be overcome by optimization 
of process parameters and operational parameters, modernizing facilities and retrofitting 
existing equipment and processes.  
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Current techniques for biological treatment are based on optimization of the process 
conditions for the microbiological degradation. The European Comission’s Best Available 
Technique for the Refining of Oil and Gas lists the following conditions should be met in 
order to optimise the degradation rate of a waste generated by a refinery [45]:  
 

 adequate number of microorganisms of the right strains, 

 nontoxic concentrations of contaminants or other compounds, 

 adjustment of an accurate water content, 

 presence of sufficient nutrients for the bacteria (mainly P and N), 

 presence of sufficient oxygen for aerobic processes and a full depletion of oxygen 

for anaerobic processes, 

 favourable temperature (20 – 30C),  

 pH 6 – 8 or pH control, 

 temperature control, 

 measures have to be applied to prevent emissions into air by volatile contaminants 
or degradation products (by covering the area or by treating the exhaust air), 

 prevent emissions into water and soil (by sealing the floor and reuse of excess 

water)  

 sufficient availability of contaminants (preferably without high peak concentrations) 
to the microorganisms including good mixing of nutrients, waste, inerts (e.g. soil) 
and contaminants. [45] 
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2.8 Scale up 
One of the most common phrases met in any chemical engineering research is ‘Scaling up’ 
and ‘Scaling down’. Scaling up is more commonly used and practiced during the design 
phase of industrial factories, refineries, and fermenters. [61] Scaling up reduces significantly 
the risk with the large investments in further design step and ensure that a chemical process 
is technically and economically viable to be produced at a large industrial scale. [62] Scaling 
up phases can be adapted to scale up wastewater treatment equipment and units. 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

Scale up studies are carried out at different phases involving different scales of equipment 
and setup, starting from test tubes to Erlenmeyers and fermenters to industrial scale pilot 
tests. A minimum of 3-4 stages of increment in the scaling up of the volume is 
recommended (Figure 17).  
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Figure 17. Different scale up stages of processes. 
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 Laboratory & bench scale 2.8.1
The preliminary work starts at the laboratory, from test tubes and petri dishes to small scale 
laboratory equipment (typical sample size 100 ml). [61] These studies prove that a product 
can be made from certain raw materials or that certain bacteria can breakdown toxic 
compounds. Preliminary studies can also be called “proof of concept” studies. Bench scale 
up is a more complex system in laboratory scale which gives more answers to the process 
fundamentals, end product and efficiency (sample size 1000 ml) and it is designed for 
experiments and observations. Even extreme tests can be run with bench studies, such as 
high temperature and pressure without the fear of breaking equipment. [62] Bench scale 
data can be used for computational modelling before the pilot scale up.  

 Pilot scale 2.8.2
Typically the pilot tests are preceded with computer simulations such as Aspen Plus, Aspen 
Hysys, mathematical modelling or Computational Fluid Dynamics (CFD). They are used to 
determine the limitations of a pilot scale study and these mathematical models are then 
tested in a physical pilot-scale plant. If the process and system is well defined and well 
known, the pilot plant is not necessary. [63] 
 
The pilot scale up is done with a small setup, similar to an industrial one. At the pilot scale 
testing, the similarity of the geometry and configuration with the industrial scale equipment 
plays a crucial role and the setup should be designed similar to large-scale process. [61] In 
the petroleum industry a typical reactor size used for CSTR (Continuous stirred-tank 
reactor) systems is from 1 to 100 litres. The knowledge from pilot testing is used to design 
full-scale system and is used to evaluate efficiency, processing, critical points, automation, 
space and power requirements. It helps to decide which kind of pumps, mixers or dryers 
are needed or if heaters or coolers are necessary. Moreover, it gives an estimate of the cost 
of the full-scale process unit. Pilot tests leave room for trial and error when testing with 
smaller setup before big investments and gives confidence for engineers and investors to 
make decisions. It can reveal a failure in the system which could cause problems at the 
whole factory or refinery. [63] [62] In wastewater pilots, the flow is usually continuous, 
allowing the bacteria culture to grow in such numbers that give a good approximation of 
the efficiency of the biological wastewater treatment process. This enables easy testing, 
cleaning, maintenance, repeat and follow up of the process studied.  
 
Alternatively, it is also possible to work the other way around and scale down. The scaling 
down a process is typically troubleshooting or development of processes used in ongoing 
production without interrupting production. It can be used for testing new raw materials, 
testing of new equipment or control system. [62] 

 Refinery scale test run 2.8.3
Within the field of wastewater treatment, it can be necessary to have an industrial or 
refinery scale test run as an initial test before starting the pilot scaling. This is relevant for 
example, when designing the use of a new raw material and it is necessary to study, how 
much wastewater the new raw material produces. This wastewater from the test run can be 
collected and used in the scale up stages to simulate the actual wastewater at the refinery. 
This kind of test run can be made also after the bench testing, if the new raw material feed 
is known to be low risk for the refinery. 
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 Simulations  2.8.4

 Aspen CODMX 2.8.5
Aspen plus has a property set called CODMX (chemical oxygen demand of a mixture) 
which calculates the theoretical oxygen demand COD (kg O2/kg substrate; equal to the 
chemical oxygen demand) of a chemical substance CcHhClclNNNaNAOoPPSS with molecular 
weight or a stream with a defined composition. The result can be obtained in percentage or 
ppm which is usually more useful. [64] This can be used to find out the chemical oxygen 
demand for a new process if a simulation is available and further to study and scale the 
wastewater treatment facilities for the flow. 
 

2.9 Considerations for the reactor design  
 
The MBBR is very similar in terms of design when compared to the RBBR, which is why 
its design guidelines are adaptable to the design of RBBR. Design of the reactor is based on 
the actual wastewater characteristics and local conditions: at first, the characteristics of the 
inlet wastewater need to be studied. The main parameters of interest are BOD, COD, TSS, 
phenols etc.  
 
The reactors can be placed in series based on the load entering each reactor. The MBBR 
and the RBBR systems typically need a pre-treatment which generally includes physical 
treatment such as a sedimentation tank. Neutralised and settled wastewater passes through 
the reactor for reduction of BOD and COD and other compounds.  
 

 Removal efficiency 2.9.1
Typically, design load for COD-BOD removal with the MBBR is 15-20 g COD / m2d. 
Smaller carriers need smaller reactor volume at a given loading rate (as g/m2d) when the 
carrier filling is same. HRT of the MBBR reactor is typically about 3 – 4 hours for effective 
BOD and nitrogen removal. Of course, the HRT is highly dependent on the composition 
of the wastewater treated. [51] The removal efficiency for BOD is 90 – 95% (low rate) and 
that of 75 – 80% for high rate. Average nitrogen removal is about 85%. [51] 

 Biofilm 2.9.2
In the design of a biological treatment systems, the understanding of the mass-transfer 
mechanisms is shown in configuration of the various new generation’s biofilm reactors. 
High sludge ages are obtained without the excessive need for clarification or circulation 
with the use of for example the right granular medium with high specific surface, which 
maximizes the mass transfer and the amount of biomass in the reactor. [65] 
 
The circulation and the harsh hydrodynamic condition in the bioreactor support the 
development of fine and active biofilm, especially in the inner parts of the biofilm. 
Turbulence, disorder and the high velocity of the liquid controls the biofilm thickness and 
decreases the resistance to diffusion in the liquid film – for both nutrients and oxygen. [66] 
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 Shock loads 2.9.3
Because of the resistance of the diffusion in the biofilm the process is quite stable to 
temperature variations and toxic shocks loads. The thickness of the active biofilm layer 
increases when the liquid temperature decreases and reduces the sensitivity to temperature 
changes. [65] Similar protective effect appears for toxic shock loads, if a concentration of a 
specific toxic compound reached the inhibition threshold, the gradient though the biofilm 
weaken the effect. In other words, even though the outer biofilm layers are affected by a 
toxic shock, the inner layers continue to degrade the concentrations reduced by the 
resistance to diffusion. The higher the biomass concentration in the reactor, the higher is 
the capacity to tolerate shock loads. [66] 
 

 Water reuse  2.9.4
In various locations in the world where the availability of fresh water is limited, the water 
disposed is reused. Many technologies are suitable for water reuse: membranes, 
coagulation, chemical oxidation, carbon adsorption, ion exchange, air stripping and 
biological techniques. [10] The RBBR provides well established water reuse through 
circulation and even closed circulation system can be reached. 

 Cost Considerations 2.9.5
Construction cost of the MBBR and the RBBR is moderate as compared to other 
wastewater treatment systems or activated sludge systems. The footprint needed is typically 
small and the equipment (reactors) are easily movable especially if made from plastic. 
Typical costs include the funding for screen box, reactor, and clarifier, chemical tanks, 
sample points, foundations for units (if needed) and sludge collection. The electro-
mechanical cost to be considered involves machines and monitoring equipment, like 
wastewater pumps, blowers for air, heat tracing, pipelines and air with internal support 
systems and on-line pressure gauges. Operational costs include screen cleaning, biosolids 
removal, pumping, aeration, and man-power. [29]  
 
Maintenance of the  MBBR and the RBBR system includes influent equalisation, clarifier 
system, sludge handling and integrated control system and manual and routine checks for 
the pumps and blowers. [29] 
 

 Activated sludge compared to MBBR / RBBR  2.9.6
Goswami and Debabrata (2016) studied comparative performance of a laboratory-scale 
MBBR and an AS system in batch mode of operation for the removal of organic carbon 
from composite chrome tannery wastewater. The reactors were operated under initial 
MLSS concentration 2000-2500 mg/l for both the systems and PVC rings was used as 
moving bio-carrier in the MBBR. Total batch period was taken maximum 7.5 hrs and the 
influent chemical oxygen demand (COD) was provided in different ranges. [15]  
 
It was observed that 85-90% of COD removal could be obtained at the end of 7.5 hrs in 
the MBBR system for initial COD concentration of 150-250 mg/l as compared to AS 
reactor, which showed only 60-70% removal. However, in case of MBBR system COD 
removal efficiency marginally decreased with higher initial COD concentration. A sharp 
inhibition was also observed in the AS reactor when initial concentration of COD 
increased to the range of 300-500 mg/L. A part from that a steady growth of attached 
biomass was noticed on the media surface of the MBBR system. [15] This study used PVC 
rings which differ from granular biofilms; however the phenomenon is likely the same 
regardless of the type of the biofilm.  
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 BACKGROUND 3
3.1 Neste Oyj’s refineries 
 
Porvoo operations and products 
Porvoo refinery is the largest refinery in Finland with refining capacity around 200 000 
barrels raw oil/day and 12 million tons of petroleum products a year. It is a so-called 
complex refinery with broad production structure. The refinery has operated since 1965 
and currently it consists of four production lines and over 40 process units for production 
of 150 products. The Porvoo refinery is situated in Kilpilahti industrial area, holding a 
large, 7 million m3 crude and product storage capacity and Finland’s largest harbour port 
right next to the refinery. [67] Porvoo refinery produces biodiesel, NEXBTL from waste 
based animal fat and vegetable oils among other products. 
 
Neste refineries’ emissions and permits  
Neste Porvoo refinery causes the Finland's biggest sulfur dioxide, nitrogen oxides and 
volatile hydrocarbons (VOC) emissions. In 2016, for the first time in Finland, the Emission 
Ceiling Directive, NECD, method was applied part of EU’s “emission trading scheme”. 
This method is one option to meet the requirements, since it gives a single concentration 
level of the emission limit value for more than thirty different production units which 
otherwise should have been given their own emission limit value for each separately. [68] 
This is part of EU’s way of holding on to the pollution decreasing targets. The SO2 
emissions to air in Porvoo Refinery have a limit of 6500 t / year. [18] 
 
The renewable diesel refineries in Rotterdam and Singapore are not covered by this 
emissions trading scheme. These plants require their own emission permit, and an 
independent third party official annually verifies the refinery’s monitoring at the plants and 
their reporting. The Porvoo and Naantali refineries have emission permits for the period 
2013–2020 and Neste’s refinery in Singapore is regulated by local environmental legislation. 
[18] 
 
Emission limit boundaries in Porvoo refinery 
The wastewater pollution limits have been tightened year by year by the European 
Comission. In the table 2, the future targets for the year 2019 is compared to previous 
years, 2007-2016.  The wastewater emission limit boundaries compared to the limits in 
2007 has decreased over 50% in all of the substances monitored. EU demands to make the 
Porvoo refinery’s wastewater treatment plant operations more effective by increasing the 
capacity with new investments. Neste Corporation will continue to pay an annual fee of 
fisheries waste and to compensate for the harmful effects of cooling water into the sea 
management until required actions are completed. [69], [70] 
 
Table 2. Wastewater emission limit boundaries, 2007-2019 change, kg/d.  

 
 
 
 
 
 
 
 
 

Waste water emission limit boundaries change 2007-2019 kg/ d

Limit boundaires 

2007-2011

Monthly average       

2012 ->

Yearly average target    

2012 ->

Monthly average       

2019->

Yearly average target    

2019 ->

Target change 

2012/ 2019

Oil 33 22 14 10 1,5 -89 %

Phenols 5 1,5 1 1 -

Total Phorsphorous 13 10 8 10 4 -50 %

Total Nitrogen 333 200 150 200 70 -53 %

CODcr (goal value) 2500 2400 1600 1400 450 -72 %
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3.2 Renewable feedstock 
 

 Porvoo refinery 3.2.1
Refineries are obligated to follow the regional environmental permits which are revised by 
the European Commission. Porvoo refinery’s permits were revised in 2016 and issued by 
the Southern Finland Regional State Administrative Agency. Although the Porvoo refinery 
in many respects already complies with the requirements, more strict actions are needed for 
air and water emissions, storage of raw materials and products, as well as monitoring. [69] 
 

 Porvoo refinery’s waste water sources 3.2.2
In Table 3, the different wastewater sources in Porvoo refinery are presented. Largest share 
of wastewaters come from the process units as oily waters and as product water from the 
sour water units. Most of the water sources are continuous, e.g. process waters, but some 
wash waters from harbor and the NEXBTL-unit are not continuously and cause peak loads 
in the wastewater treatment unit. Total wastewater load is around 800 m3/h (2016).  
 

Table 3. Wastewater sources in Porvoo refinery, 2016 [18] [69] 

 
 

 Renewable feeds increased emissions to water in Porvoo 3.2.3
 
The increasing use of renewables and especially the use of waste and residue feedstock 
affect the wastewater emissions in Porvoo refinery as presented in Table 4 on the next 
page. Increase in phosphorous emission to water increase 53% (1.6 tons / year) and 
emissions of nitrogen to water increase 53% (24 tons /year). [18] 
 
As the use of the renewable bio feed increases, also the water intake increases slightly as do 
the emissions to water.  Water usage is almost stable and for a coherent review the statistics 
from the year 2007 when NEXBTL was launched would be needed.  
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Table 4. Emission to water in Porvoo refinery, 4 years review. [18]  

 

 Animal fat 3.2.4
Animal fat is shipped to Porvoo refinery via ship and the wash water needed to wash the 
ships is handled in the wastewater treatment unit. Wash waters have their own vessel. 
These waters make momentary peak loads to the wastewater treatment plant. NEXBTL-
pre-treatment unit (EK) produces wastewater as a waste flow and it is also processed in the 
wastewater treatment plant. EK produces wastewater shock loads during maintenance 
clean ups. [41]  

 NEXBTL emissions 3.2.5
This information is not presented in this version of the thesis. 
 

3.3 Porvoo Refinery’s wastewater treatment unit 
 
Porvoo refinery’s wastewater treatment unit treats waters from Porvoo refinery and 
Borealis Polymers Oy’s wastewater from the petrochemical factories. Refinery units 
producing wastewaters in Porvoo refinery are for example, distillation units, 
hydrotreatment, hydrocracking, NEXBTL unit and its pre-treatment, fluid catalytic 
cracking. The refinery has a hydrogen sulphide recovery unit (SRU) which converts 
gaseous hydrogen sulphide (H2S) into elemental sulphur (S). The different material flows in 
Porvoo refinery are presented in Figure 18. 
 
Crude oil from Russia is brought by ship or on rails. It has a relatively high sulfur content. 
Crude oil also contains water, salts and solid impurities which are first removed at the two 
desalting units. Water droplets carry impurities and salt particles induced by electric current 
and this wastewater is pumped to wastewater treatment unit. Desalted crude oil is treated at 
predistillation and distillation units, which consists of four different products-strippers. 
Distillation produces the highest amount of sour water in refinery environment. [71] 
Cracking is done by in hydrogen cracker (VK), fluid catalytic cracker (FCC,) heat cracking 
(LK) and mild hydrocracking for the bottom oils (PÖY). This is a similar process to the 
Naantali refinery’s TCC-unit, which was discussed before.  
 

Waters, m3/year 
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Purified water circulation 
The purified water is led directly to the sea in many refineries, like in the Porvoo, Naantali 
and Rotterdam refineries. In Singapore, the wastewater is sewaged to the public wastewater 
utilities unit, were its processed for secondary use. Most of the process water Neste uses is 
this kind of recycled water.  

 Porvoo refinery’s wastewater treatment plant outline 3.3.1
Porvoo has a production line TLY (The Process Line Environment) which include a 
wastewater treatment plant, emulsion breaking unit (EMU) and the NEXBTL 
pretreatments (EK1 and EK2). The wastewater treatment plant consists of two main 
separate wastewater treatment lines, activated sludge (AS) unit and activated carbon (AC). 
[71] 

Figure 18. Material flows in Porvoo refinery (Neste 2016b) 
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The different treatment phases include pretreatment, primary, secondary and tertiary 
treatment phases. Biological treatment occurs in the secondary treatment phase, which will 
be more thoroughly discussed. Figure 19 presents the wastewater process with the 
activated sludge system. The activated sludge system covers the ‘biological treatment’ 
phases. 
 
Pretreatment units in Porvoo 
 
Pre-treatment of wastewaters and waste gases starts already from the crude products: 
drying unit, heat treatment unit, bleaching unit and filtering. Sourwater units remove H2S 
and ammonia by vaporization within the distillation column. NEXBTL unit has its own 
pretreatment unit for the wastewaters (EK1 and EK2). Emulsion breaking units remove 
light HC’s and solids from the wastewater. [71] The emulsion breaking unit, EMU, is 
designed to remove water, solids and light HC’s from discard oils. [72]  
 

 Primary treatment processes in Porvoo 3.3.2
 
Physical treatment  
The number of suspended solids, immiscible liquids, solid particles and suspended 
substances (colloids and dispersions) is reduced mechanically by gravity in API-pools. This 
also reduces the salt and sulphide content of the wastewater which could inhibit the 
following biological treatment. Primary treatment processes in API-pools include physical 
treatment units. Oil and sand separators and filters remove primary solid materials. [72] 
 
Chemical treatment 
The chemical step of the process occurs in the flotators and buffer tanks after the physical 
treatment. The aim of the chemical purification is to have oil and solid free wastewater for 
the biological purification step. Chemicals used in the chemical purification steps: ferrous 
sulphate  (FS) used as a coagulant, natrium hydroxide (NaOH) pH control, and 
polyelectrolytes for improvement flocculation at the flotator. [72] 
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Figure 19. Porvoo refinery's wastewater treatment sketch 

with activated sludge system (biological steps) 
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 Secondary treatment in Porvoo (biological treatment) 3.3.3
 
The secondary treatment, which is also the biological phase, treats the waters already pre-
treated and primary treated. Secondary treatment units are shown in Figure 20 below.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Biological treatment  
Multiple impurities, solids and excessive oils are removed to enable effective biological 
treatment. The activated sludge system has various purification steps as discussed before: 
mechanical / physical, chemical and biological as seen from the Figure 20. The mechanical 
separation step consists of the separation of oil in the sand reservoir and the buffer tanks. 
Chemical purification is done by flotation and the biological treatment in clarifiers and 
aeration tanks.[72]  

The aeration pool size for both is 1900 m3. The air flow is supplied by aerators and the air 
is cycled with a compressor. The designed oxygen concentration is 1.5-2 mg/L. Foaming 
interferes with the settling to the bottom of the tank. At high COD load wastewater 
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Figure 20. Wastewater secondary treatment units in Porvoo 
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situations, the designed oxygen demand is not always enough from the solid aeration 
diffusers and pure oxygen is fed to aeration tanks. 

Phosphoric acid is fed as a bacterial nutrient for approximately 2 l/h. [71] Microscopic 
observation and COD-reduction results are used as an aid to investigate the suitable life of 
the sludge and sludge volume. The COD mass flow to the biological treatment is kept as 
constant as possible to help the management. The final surplus sludge is compressed, 
centrifuged, and transported to a hazardous waste incineration plant. [71] 

The activated sludge unit processes wastewaters from four production lines (TL1, TL2 
TL3, TL4) and other supporting units: dispatch unit, technology unit, Borealis technology 
phenol-unit wastewater, storage tank area (eg. the crude oil supply tank water R11), 
harbor’s wash waters, MTBE unit and desalination. In addition, activated sludge unit is 
designed to secondary treat the effluents from active carbon unit.  

Tertiary treatment in Porvoo 

The tertiary treatment is connected to the biological treatment through the sludge 
treatment (Figure 19.). It is designed to reduce the amount of sludge and improve its 
quality. From both of the settling tanks an equal volume of slurry is pumped back to the 
oxidation pools. The slurry volume in the aeration pools is measured by continuous solid-
content measuring. [71] 
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 MATERIALS AND METHODS 4
 

4.1 Supporting studies before the RBBR pilot test run 
 
The supporting studies done before pilot testing with the RBBR: 

1. Plant scale test run in Naantali TCC 
2. Laboratory scale testing 
3. Case studies with Aspen plus 

 Naantali plant scale TCC test run with new renewable feed 4.1.1
In Naantali refinery’s TCC unit, a test run was conducted in 2017 to study the use of 
alternative renewable feeds and how it affects the quality of the wastewater to be purified. 
The renewable raw material tested was TOP (Tall Oil Pitch). The TOP was fed to the 
TCC-reactor with the normal feed. The collected samples were TCC sour water, sour water 
treatment influent and sour water treatment effluent. The samples were taken before the 
test (reference sample), during the test run and after the test (reference sample). The 
different wastewater samples were analyzed in laboratory and samples were also saved to 
be studied in a laboratory scale analysis. 
 
The wastewater from the TOP test run was collected in three 1 m3 tanks (total 3000 litres) 
for further testing with the Rotating Bed Biofilm Reactor in pilot scale tests. 

 Laboratory scale testing 4.1.2
Laboratory scale testing with sludge from Naantali and Kulloo was done by Clewer 
Technology Oy. Clewer utilized shaker tests to investigate e.g. the degradation efficiency of 
COD in sludge and wastewater mixture. During shaker tests, wastewater is mixed with 
small amount of sludge in an Erlenmeyer bottle and the mixture is incubated on a shaker at 
room temperature for approximately five days. Laboratory analysis of pH, COD, phenol, 
NH4-N, NO3-N and PO4

3- was included in several phases of the testing. Detailed 
laboratory test description is beyond the scope of this thesis and left out. 

 Case study simulations of NEXBTL 4.1.3
 
Case study simulations were done with Aspen Plus (version 9.0.) to study the wastewater 
effluent from the NEXBTL-process and to size an RBBR reactor for a NEXBTL 
wastewater flow. 
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4.2 Pilot test run with the RBBR 
 
Sample information 
A wastewater sample of 3000 litres was delivered from Neste Oyj Naantali refinery to the 
Clewer Technology Oy Laboratory. Throughout the time of the test, water was stored at 
temperature of 10 - 20oC.  A sample of active sludge from Neste Oyj Kulloo and Clewer 
StartUp (a mixed culture of microorganisms) were used in the bioreactors. [73] 
 
Due to the fact that the wastewater did not contain phosphates, during the test it was 
added a solution of nutrients (Clewer CL-20) in the amount of 100 millilitres per one cubic 
meter of wastewater. After adding of the nutrients, within the test, the quality of the 
wastewater changed insignificantly. [73] The wastewater characteristics are presented in 
Table 5. 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental set-up 
The system consists of an aerobic RBBR and a clarifier. An overview of the lab-scale test 
system is shown in Figure 21.  

 
Figure 21. The schematic diagram of the lab-scale test with rotating bed biofilm reactor (RBBR). (55) 

Table 5. Wastewater characteristics. 
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The RBBR has a volume of 25 litres. It contained 17.5 litters of carrier (filling ratio 70% - 
percentage of the total empty reactor volume) with a specific weight of 1.01 g/cm3. The 

carrier is shown in Figure 22. AqWise


 Biomass Carriers are composed of high-density 
polyethylene (HDPE) plastic with total surface area of 900 m2/m3 and effective surface 
area of 650 m2/m3 (manufacturers statement). The reactor was aerated with air (20 litres 
per minute) supplied by the air pump SECOH (Model EL-60). The wastewater in the 
RBBR was pumped continuously from 2.58 to 47.4 L/d. Polyaluminum Chlorides were 
used in liquid form. [73] 
 
There was no online-pH measuring tool utilized since the pilot run was small in volume 
and the pH changes would not be significant because of the low flowrate. Pilot run was 
carried out in an outside hall. The effluent was collected and analysed daily. Total inlet and 
outlet concentration (total + soluble) was measured for COD and phenols. The hydraulic 
retention time was measured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. Biofilm in the bioreactor. [55] 
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 RESULTS AND DISCUSSION 5
 

5.1 Supporting study results 

 Refinery scale test run, wastewater results 5.1.1
 
Wastewater samples from Naantali refinery was taken 9.1.2017 during TOP test run. 
Samples included wastewater flows from three sample points: the TCC sour water and sour 
water treatment influents and effluents. Sample points are presented below in Figure 23. 
 

 
Figure 23. Sample points in TCC test run. 

 
As seen from Table 6 on the next page, the COD content is higher in all three 
measurement points and still high after the sour water unit, which is the first pretreatment 
step. Comparing the T1, sour water treatment effluent, result before the test (930 mg/l) to 
the rest run result (1500 mg/l) there is a 38% increase in concentration. Same increase is in 
the BOD concentration, compared to the result before the test (500 mg/l) to the rest run 
result (980 mg/l) there is a 40% increase in the concentration. This increase in the 
concentrations of COD and BOD is significant to the operation of wastewater treatment 
unit. For instance, if the flowrate is 3600 t/d, the increase in COD to be removed would be 
2000 kg per day. 
 
 
 
 
 
 
 

C 

S T 

SOUR WATER UNIT 
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Table 6. Wastewater influent content, TOP test drive 2017 
 
C= TCC sour water, S= Sour water treatment influents, T= Sour water treatment effluents 
1=before test  2= during test  3 = after test 

 
 
Total nitrogen is even lower with the TOP feed in the wastewater effluent from the TCC 
(2800/2400 mg/L), but as followed to the next step which is the sour water treatment unit, 
the total nitrogen content seems to be higher in both S2 (2600/1500 mg/l) and T2 (50 /34 
mg/L). In the sour water effluent the increase in Ntot is 32%. 
 
The Sulphur content is over four times higher in the TOP feed effluent and still higher 
after the pretreatment unit (6.3 mg/L and 8.8 mg/L). Oil content from the TCC TOP 
effluent is four times higher compared to the result before the test run (8600 mg/L and 
2000 mg/L) but low after the sour water treatment unit (8,8 mg /L).  
 
The VOC’s are not analyzed in more detail (<1000 mgLl) and therefore the difference 
between the test run concentration and the reference point are not presented.  
 
These results from the TOP test run revealed the changes the new raw material has in the 
wastewater treatment unit parameters. Especially the increase in COD and BOD 
concentrations after the sour water treatment process are marked and thus crucial in next 
steps of the wastewater treatment development to attain improved capacity or more 
efficient process equipment in the Naantali refinery’s wastewater treatment plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C1 S1 T1 C2 S2 T2 C3 S3 T3

pH 9,1 8,4 9,2 9,1 8,4 9,2 9,1 8,4 7,7

BOD (mg/l) 9900 6000 500 9400 1200 980 8500 5600 410

COD (mg/l) 12000 7700 930 17000 13000 1500 9000 6900 610

N tot (mg/l) 2800 1500 34 2400 2600 50 2400 1300 21

NH4 (mg/l) 3300 1800 31 3000 2900 47 3300 1700 22

S (mg/l) 2000 1600 6,3 8600 15000 8,8 8000 63000 140

Oil (mg/l) 45 15 <10 180 53 0,73 23 42 <10

VOC tot (mg/l) <1000 <1000 <500
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5.2 Results from pilot test run with RBBR 
At the beginning, the RBBR was inoculated with one litres of active sludge from Neste Oyj 
Kulloo wastewater treatment plant. The first 60 days it was operated in stabilization mode 
to thoroughly establish the phenol oxidizing biofilm. The temperature of water in RBBR 
was 9 - 26oC as seen from the Figure 24.  
 

 
Figure 24. Temperature of wastewater in the reactor. [55] 

 
After stabilization of the RBBR over the next 47 days load of phenols and COD were 
gradually increased from 105 to 416 g/m3carrier/d and from 0.4 to 1.7 kg/m3carrier/d, 
respectively (Figure 25 and 26). It was shown that stable COD removal and low effluent 
phenol concentration (2.8±0.3 mg/L) were achieved during 14 days of operation of 
bioreactor at temperature of the water from 24 to 28oC (Figures 26, 27). 

 
Figure 25. Daily load of phenols. [55] 
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Figure 26. Daily load of COD. [55] 

 
Figure 27. Concentration of phenols in reactor. [55] 

 
Close to complete removal of phenol (99.2±0.1%) was obtained when the loading rate was 
in the range from 118 to 229 g phenols/m3carrier/d and hydraulic retention time from 96 
to 47 hours (Figures 25, 27, 33, 30).  
 
Highest removal rate of COD (82 %±1%) was obtained when the loading rate was in the 
range of 1 to 1.2 kg COD/m3carrier/d and hydraulic retention time from 96 to 47 hours 
(Figures 26, 29, 30). 
 

 
Figure 28. Removal efficiency of phenols. (I) Active sludge, (II) mixture of active sludge with StartUp. 

[55] 
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Figure 29. Removal efficiency of COD. (I) Active sludge, (II) mixture of active sludge with StartUp. [55] 

 

 
Figure 30. Hydraulic retention time. [55] 

The removal rate remained high during the following 13 days of operation with higher load 
of COD and phenols. Phenol removal percentage of 95±3% was obtained at a loading rate 
from 260 to 307 g phenols/m3carrier/d and hydraulic retention time from 41 - to 34 hour. 
The process was stable, but an increase of the phenols loading rate up to 416 g 
phenols/m3carrier/d resulting in a decrease of the phenol removal percentage down to 
66% . The maximum removal rate obtained was 300 g phenols/m3carrier/d or 0.33 g 
phenols/m2total carrier surface area/d and 1.16 kg COD/m3carrier/d or 1.3 g 
COD/m2total carrier surface area/d (Figures 31 and 32). 
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Figure 31. Removal rates versus phenols loads for the RBBR 

 
Figure 32. Removal rates versus COD loads for the RBBR 

 
After the reactor with active sludge reached its maximum activity, it was additionally 
inoculated with mixed culture of microorganisms Clewer StartUp. After re-inoculation 
both phenols and COD removal rates increased. Stable COD and phenols removal 
(91±2% and 99±0.6%, respectively) were obtained during 12 days of operation of 
bioreactor at temperature of the water from 26 to 29oC when the loading rates were in the 
range from 334 to 700 g phenols/m3carrier/d and 1.4 to 3 kg COD/m3carrier/d and 
hydraulic retention time from 36 to 17 hours (Figures 24-29 Parts II).  
 
The maximum removal rates obtained with Clewer StartUp were 848 g 
phenols/m3carrier/d or  0.94 g phenols/m2total carrier surface area/d and 3.16 kg 
COD/m3carrier/d or 3.5 g COD/m2  per total carrier surface area/d which is 2.8 times 
higher than with active sludge. 
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5.3 Efficiency & HRT 
 
In the pilot RBBR operation, the reactor volume is set as non-variable. Thus, the HRT is 
based on the flowrate of the wastewater sludge (as seen from the Figure 33). The pilot run 
started from the flowrate of 4.5 L/d and maximum 18 L/d. The HRT changed between 
240 h and 35 h. The wastewater in the RBBR was pumped continuously from 2.58 to 47.4 
L/d. Thus, hydraulic retention time (HRT) for reactor was decreased from 233 to 12.7 
hours. 
 

 
Figure 33. Flow rate and HRT changes during the pilot run. 

The effect on temperature to the removal efficiency of COD and phenols is presented in 
Figure 34. The COD and phenol lines follow the pattern of the temperature. Temperature 
is not the only variable in this pilot test run, which reflects on some of the changes in the 
pattern. The end of the test run (days 70-90) is accurate and the COD and phenol 
efficiency follows the temperature line almost perfectly.  
 

 
Figure 34. Effect on temperature to the removal efficiency of phenols and COD. 
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Figure 35. Effect on HRT to the removal efficiency of COD and phenol. 

Between the days 30-60 the temperature was kept almost constant, and the flowrate was 
increased from 5 L/d to 8 L/d and the HRT decreased from 245 h to 80 h. In Figure 35, 
the effect on HRT to the removal efficiency of COD and phenol is presented. This results 
in a visual decrease in both COD and phenols removal efficiency, as the phenols drops 
from almost 100% to 70% and for COD from 80% to 55%.  
 

 Shock loads in Porvoo  5.3.1
Porvoo shock loads were studied from the process data to find the highest concentration 
in COD and phenol. Shock loads are presented in Figure 36. This data is used in the 
calculation of the suitable reactor size and efficiency of the RBBR.  

 
Figure 36. Porvoo wastewater shock loads 2015-2016 [55] 
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5.4 RBBR – design and sizing for cases 1-5 
The maximum reactor size is assumed to be 60 m3 based on Clewer's commercial 
applications available and tested. The maximum phenol concentration value in reactor is 
assumed to be 1 g/l based on Clewer test runs. No maximum concentration value for 
COD is provided. In the Table 7 and 9, the design parameters for RBBR are presented. 
 
Table 7. Phenols removal, RBBR design parameters. 

 
 
Table 8. COD removal, RBBR design parameters. 

 
 
RBBR reactor sizes were calculated for 5 cases. Calculation sheets are provided in 
Appendix 2-6. 
 
Calculations were done for COD and phenol, with the provided flow t/day and 
concentration of a parameter COD or phenol. Calculations were done with the RBBR 
design data from the pilot test run. Separate calculations were done for the RBBR-reactor, 
with the Kulloo active sludge and Clewer’s StartUp bacteria which are presented on the 
next page in Table 9. RBBR reactor sizing cases 1-5.  
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Table 9. RBBR reactor sizing cases 1-5 

 

 Case 1. Wastewater tank AD-09X bottoms, COD removal, Reactor size 5.4.1
The results for this case are not presented in this version of the thesis.  

 Case 2. Porvoo Refinery outlet 1, COD removal, Reactor size 5.4.2
Wastewater values from the Porvoo Refinery’s wastewater treatment unit outlet 1 were 
taken from the data with highest monthly average COD value, 1,66 kg/d. This COD value 
exceeds the current permit limits (2400 kg/d) with 611 kg/d. Calculation were done based 
on the exceeding part: COD concentration of 135 mg/l, flowrate of 4528 t/d (611 kg/d 
total). This data was inputted to the calculation formulas and COD loading rate, required 
carrier surface area, required carrier volume and the required reactor volume was 
calculated.  For this loading rate, 4582 m3 wastewater could be purified with 13 pcs of 
reactors 60 m3 in size with a purifying rate of 81±3% (loading rate 611 kg/d). An RBBR 
reactor with the same flow properties but with the Clewer StartUp bacteria results in 5 
reactors of 60 m3 with a purifying rate of 82±2%. Cylindrical reactor dimensions: radius 2.5 
m x 3.1 m.  

 Case 3. Porvoo Refinery, outlet 1, Phenols removal, Reactor size 5.4.3
Wastewater values from the Porvoo Refinery’s wastewater treatment unit outlet 1 were 
taken from the data with highest monthly average phenols value, 1,66 kg/d. This phenol 
value slightly exceeds the current permit limits (1.5 kg/d) with 0.16 kg/d. Calculation were 
done based on the total phenol concentration of 0,092 mg/l, flowrate of 18 120 t/h (1,66 
kg/d total) since the emission limit boundary will descent to 1 kg/d in 2019. 
 
This data was inputted to the calculation formulas and phenol loading rate, required carrier 
surface area, required carrier volume and the required reactor volume was calculated. For 
this loading rate, 18 120 m3 wastewater could be purified with one reactor 8 m3 in size with 
a purifying rate of 81±3% (loading rate 1,66 kg/d). An RBBR reactor with the same flow 
properties but with the Clewer StartUp bacteria results in one reactors of 5 m3 with a 
purifying rate of 82±2%. Cylindrical reactor dimensions: radius 1,1 m x 2,1 m.  

 Case 4. Naantali TOP test run, COD removal, Reactor size 5.4.4
Wastewater COD values from the Naantali Refinery’s wastewater treatment unit in TOP 
test run were taken: 1800 mg/l. This COD value exceeds the current wastewater COD 
concentration (480 mg/l) with 1320 mg/l. Calculation were done based on the exceeding 
part: COD loading rate of 190.1 kg/d, flowrate of 144 t/h. This data was inputted to the 
calculation formulas and COD loading rate, required carrier surface area, required carrier 
volume and the required reactor volume was calculated.  For this loading rate, 144 m3 
wastewater could be purified with 4 pcs of reactors 60 m3 in size with a purifying rate of 
81±3% (loading rate 4752 kg/d). An RBBR reactor with the same flow properties but with 
the Clewer StartUp bacteria results in 3 reactors of 60 m3 with a purifying rate of 82±2%. 
Cylindrical reactor dimensions: radius 2.5 m x 3 m.  
 
 

Case 1 not presented 

144 

144 

190 235 

52 11 

30 m
3
 x 1 pcs 

33 m
3 

x 1 pcs 144 

60 m
3
 x 4 pcs 

60 m
3
 x 1 pcs 
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 Case 5. Naantali TOP test run, Phenols removal, Reactor size 5.4.5
Wastewater phenol values from the Naantali Refinery’s wastewater treatment unit in TOP 
test run were taken: 95 mg/l. This phenol value exceeds the current wastewater COD 
concentration (20 mg/l) with 75 mg/l. Calculation was done based on the exceeding part, 
flowrate of 144 t/h (10.8 kg/d total). 
 
This data was inputted to the calculation formulas and phenol loading rate, required carrier 
surface area, required carrier volume and the required reactor volume was calculated. For 
this loading rate, 144 m3 wastewater could be purified with a one reactor 53 m3 in size with 
a purifying rate of 81±3% (loading rate 10.8 kg/d). An RBBR reactor with the same flow 
properties but with the Clewer bacteria results in 1 reactors of 33 m3 with a purifying rate 

of 82±2%. Cylindrical reactor dimensions: radius 2 m x 4,8 m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Sonja Anttio-Tuulari 
 

60 
 

 Cost estimate 5.4.6
 
Clewer system 
According to the data, a standard Clewer wastewater treatment plant (Table 10.) consisting 
of four reactors, equalization tanks, chemical station and flotator could treat 12 m3 of 
wastewater a day when it its inoculated with active sludge and 25 m3 a day when it 
inoculated with Clewer StartUp. If necessary, the volume of treated effluent can be easily 
increased by adding additional reactors to an existing plant. The dimensioning is done for 
12 m3 of wastewater based on the results achieved with active sludge. Total price 
estimation for the equipment 125 000€ (Tanks not included). Estimated installation costs 
(piping, electricity, automation) 55 000€. Installation cost was estimated based on the 
placement of the plant in containers.  
 
Reduction in the energy consumption: since approximately 50% of the BOD is already 
removed in the RBBR the oxygen consumption is only for the remaining BOD, 
phosphorous removal and nitrification. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 10. Clewer standard wastewater 
plant and equipment. [55] 
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Activated sludge system 
 

Table 11. The activated sludge plant and equipment 

 
 
The activated sludge main equipment is presented in the Table 11. The package cost 
estimate for an activated sludge tank (design flow 30 m3/h, volume 700 m3, footprint 170 
m2) made from concrete elements with the aeration equipment and installation is 270 000€ 
depending on the blower type, aeration grid type and material. Additional equipment costs 
are analyzing equipment, sample collectors and automatic cleaning system for pH 
instrument (40 000€), pumps (70 000€), chemical pumps (20 000€).  Additional cost would 
occur from electrical (30 000€), automation (50 000€) and engineering costs (35 000€). 
Total cost 515 000 € with a safety margin of 20%. Final cost depends naturally on the 
vendors and how much is done by oil refinery’s own maintenance or engineering team.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Activated sludge system pcs

Activated sludge tank, D 15m, H 4m, 700 m
3

1

Wastewater pump, 25 kW 2

Aeration blowers, 90 kW 1

Chemical pump 3 kW 3

Analyzer 2

Sample collector 2

pH sensor 1

Water level sensor 2

pH sensor cleaning system 1

Temperature sensor 1

Magnetic flowmeters 4
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 CONCLUSIONS 6
 
Efficient methods are needed in Neste refinery’s wastewater treatment plant in order to 
stay within the local and international emission limits. The Rotating Bed Biofilm Reactor 
studied was proven to be highly efficient in degrading phosphorous and biological content 
from wastewater of biofuel production and, therefore, could be used with the existing 
equipment or as a separate unit.  
 
The RBBR reactor is suitable for the purifying of wastewater from the biofuel production, 
particularly because it breaks down phenols and the biological content, COD and BOD. 
Using the RBBR reactor with an equalizer tank would allow higher tolerance for the shock 
loads. This requires online monitoring of the wastewater and actions from the operators of 
the wastewater plant. If high concentrations of phenols are analyzed, actions would be 
needed in order to dilute the concentrations at the first steps. This would also require 
bacteria culture in the reactor suitable for processing phenolic substances.  
 
The RBBR is suitable to be used in two different settings for Porvoo refinery to optimize 
the wastewaters from the NEXBTL pretreatment unit. One is to build it right after the pre-
treatment unit. This would require a buffer unit, since the wastewater from the pre-
treatment unit is not continuous. This could eliminate the shock loads from the EK-unit.  
Another option, which is overall better for the whole wastewater treatment plant, is to have 
the RBBR after the activated sludge unit. This would still need a buffer tank to help with 
the shock loads and balance the operation. The shock loads tolerance would require further 
studies. 
 
An RBBR is easy to install and requires no hard land work, which is usually a big part of 
the cost in for example, when designing an activated sludge system. The number of the 
RBBR could be increased in case the wastewater flow increases rapidly. The RBBR system 
could be brought to the refinery, as a safety measure in case there is an extreme test run 
with a new feed, and it could be connected to the main wastewater lines to save the rest of 
the wastewater treatment plant from contamination. 
 
Using an RBBR reactor would save space in the waste water treatment plant when 
compared to activated sludge tanks. For older and currently running refineries this reactor 
setup is easy to install without full-scale turnaround on the wastewater treatment plant. 
Maintenance and operability is easy if compared to an activated sludge system, with fewer 
electromechanical components and process steps, which also makes the operability slightly 
easier. Furthermore, the reactor is easy to clean. 
 
When compared to an activated sludge system, the RBBR is more cost-effective and agile. 
It might require more training for the operators and result in increased operator hours if 
shock loads occur, but otherwise it is easier to maintain. The need for pure oxygen feed 
and chemicals is smaller, whereas these were highly used in Porvoo. The RBBR reactor also 
produces less sludge. 
 
An RBBR would also be suitable for a refinery, where the use of bio feedstock is not 
continuous. This requires the use of an equalizing tank, but would leave flexibility for the 
refineries and especially during times when the development of biofuels is still active and 
there are still phases of trial and error in the pilot test runs.  
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With conventional systems, the outbreak of a toxic compound or a shock load can lead to 
the malfunctioning of the whole wastewater treatment plant and thus affecting the entire 
refinery and its operability. Wastewater might need to be transported to other locations and 
wastewater plants for a clean-up, resulting in a massive monetary loss– up to 10 000–100 
000€ a day. As a result, this will make the profit even for a larger refinery remarkably 
smaller. 
 
From the full-scale refinery test run and pilot test run results, it was easy to draw the 
conclusion that the RBBR reactor could be used for the purification of wastewater from 
biofuel refining. This still leaves room for questions concerning the efficiency and whether 
this type of reactor is the best for the wastewaters from biorefining industry. Nevertheless, 
this type of reactor could out win many of the conventional treatment units while saving 
energy, space, chemicals and the environment, but needs further studies and optimization 
for a specific flow. 
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 SAMMANFATTNING 7
 
BIOLOGISK AVFALLSBEHANDLING VID BIOBRÄNSLEPRODUKTION I 
OLJERAFFINADERIER MED RBBR BIOREAKTOR  
 
 
INLEDNING  
Den roterande bäddfilmreaktorn (RBBR) renar avloppsvatten biologiskt och avlägsnar 
effektivt  organiska föreningar, fenoler och kväve. Med RBBR kan man undvika några av 
de problem som förknippas med aktivslamprocessen, till exempel de stora och 
utrymmeskrävande bassängsystemen, den höga energiförbrukning, det omfattande 
underhållet samt behovet att  pumpa stora mängder slam.  
 
Raffinering av kolbaserade fossila material till oljeprodukter ger upphov till stora mängder 
avloppsvatten som bör behandlas i oljeraffinaderiernas reningsprocess. Raffinering av 
förnybara råvaror ger däremot en annan typs avloppsvatten med högre koncentration av 
fosfor och kväve. I Nestes raffinaderier i Borgå, Nådendal, Rotterdam och Singapore 
används redan förnybara råvaror, men efterfrågan på ännu mera förnybara bränslen är 
mycket hög på grund av lagstiftning och då särskilt den inom EU-området. Raffinaderier 
måste naturligtvis också agera ansvarsfullt och följa de uppställda avloppsgränserna för 
avloppsvatten. De ledande raffinaderierna eftersträvar att hitta nya goda sätt att ersätta 
konventionella behandlingsmetoder vilket kan ge konkurrensfördelar både gällande 
utsläppsnivåer och kostnader.  
 
Användningen av RBBR studeras i Neste Oyjs raffinaderier med målet att  effektivera den 
biologiska behandlingen av avloppsvatten. RBBR är baserad på en teknik med 
bärarmaterial, där bioreaktorns driftsprincip utnyttjar centrifugalkrafter i samband med 
odling av en biofilm med mikroorganismer som växer på ett bärarmaterials yta. Fördelar 
med denna typs bioreaktor är att den tolererar chockflöden, den har kompakt storlek, det 
skapas goda syreförhållanden och höga fyllningsförhållanden ger hög effektivitet. Den i 
detta arbete använda bioreaktortypen och besläktade bakteriestammar är patenterade.  
 
En pilotprovning utfördes för den termokatalytiska krackningsenheten (TCC) 2016 vid 
Neste Naantali-raffinaderi. Syftet med denna testkörning var att studera användningen av 
alternativa förnybara råmaterial och hur de påverkar kvaliteten på avloppsvattnet som ska 
renas. Efter denna testkörning gjordes pilotprov i laboratorieskala för RBBR-bioreaktorn 
med avloppsvatten från TCC-enheten. Biologiskt slam från Borgå raffinaderiets 
avloppsreningsverk användes i dessa test.  
 
Syftet med denna avhandling är att studera användningen av en RBBR-bioreaktor för 
avloppsvatten från TCC-enheten och att optimera raffinaderiets reningsprocess. Detta 
innefattar att karakterisera och definiera de olika avloppsvattenflödena i Borgå-raffinaderiet 
och att studera de aktuella olika stegen i avloppsvattenbehandlingen. Laboratorieanalys, 
simuleringar och pilotprov används för att  erhålla data och därefter kunna dra slutsatser 
gällande design och uppskalning av ett biologiskt behandlingssystem som är anpassat enligt  
avloppsvattnets egenskaper. Detta ger då en uppskattning av effektiviteten för den 
biologiska behandlingen. Denna information kan sedan användas vid planering av framtida 
investeringar i Neste raffinaderis avloppsvattenreningsverk. 
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STUDIER & METODER  
Studierna som gjordes före pilotförsöken med RBBR var: pilotprovning i Nådendal  TCC, 
test i laboratorieskala och fallstudier med Aspen plus.  
 
I Nådendal-raffinaderiets TCC-enhet genomfördes en provkörning år 2017 för att studera 
användningen av alternativa förnybara råmaterial och hur det påverkar kvaliteten på 
avloppsvattnet som ska renas. Laboratorieskaleförsök med slam från Nådendal och Kullo 
utfördes av Clewer Oy. Clewer utnyttjade flasktest för att undersöka t.ex. 
nedbrytningseffektiviteten hos COD i slam och avloppsvattenblandning.  
 
RBBR testsystemet består av en aerobisk RBBR och en sedimenteringstank. RBBR har en 
volym på 25 liter. Den innehöll 17,5 liter bärarmaterial (fyllnadsförhållande 70% - av den 
totala reaktorvolymen) med en specifik vikt på 1,01 g/cm3. Bärarmaterialet består av 
polyetenplast med en total yta på 900 m2/m3 och en effektiv yta på 650 m2/m3. Reaktorn 
luftades med luft (20 liter per minut). Avloppsvattnet i RBBR pumpades kontinuerligt med 
flöden som varierade från 2,58 l/d till 47,4 l/d. Polyaluminiumklorider användes i flytande 
form.  
 
RESULTAT  
Resultaten från Nådendal TOP-testkörning avslöjade hur det nya råmaterialet förändrar 
driftsparametrarna för avloppsreningsenheterna. Speciellt en ökning av COD- och BOD-
koncentrationerna efter behandling av surt vatten ska övervägas i nästa steg i 
avloppsreningsprocessen och därmed krävs en förbättrad kapacitet eller effektivare 
processutrustning i Nådendal raffinaderiets avloppsreningsverk.  
 
Testet med RBRB började med inokulering av 1 liter aktivt slam från Neste Oyj Kulloo 
avloppsreningsverk. De första 60 dagarna drevs det i stabiliseringsläge för att grundligt 
upprätta den fenoloxiderande biofilmen. Efter stabiliseringen av RBBR ökades under de 
följande 47 dagarna belastningen med fenoler och COD gradvis från 105 till 416 
g/m3bärare/d och från 0,4 till 1,7 kg/m3 bärare/d. Det visade sig att stabil COD-
avlägsning och låg effluentfenolkoncentration (2,8 ± 0,3 mg/l) uppnåddes efter 14 dygn då 
temperaturen av vattnet varierade mellan 24 till 28oC.  
 
Nära fullständigt avlägsnande av fenol (99,2 ± 0,1%) erhölls när lasthastigheten var i 
intervallet från 118 till 229 g fenolerm3 bärare/d och den hydraulisk retentionstiden 
varierade mellan 47 och 96 timmar. Den högsta hastigheten för avlägsnande av COD (82% 
± 1%) erhölls när lasthastigheten var i intervallet 1 till 1,2 kg COD/m3 bärare/d och den 
hydraulisk retentionstid minskade från 96 till 47 timmar.  
 
Avlägsnandegraden var fortsatt hög under de följande 13 dagarna av experimentet med 
högre belastning av COD och fenoler. Fenol kunde avlägsnas till 95 ± 3% vid en 
lasthastighet från 260 till 307 g fenoler/m3 bärare/d och med hydraulisk retentionstid från 
41 till 34 timmar. Processen var stabil, men en ökning av fenolens laddningshastighet upp 
till 416 g fenoler/m3bärare/d resulterade i en minskning av fenolreduktionen till 66%. Den 
maximala separationshastigheten som erhölls var 300 g fenoler/m3bärare/d eller 0,33 g 
fenoler/m2total bärare yta/d och 1,16 kg COD/m3 bärare/d eller 1,3 g COD/m2total 
bärare yta/d. 
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När reaktorn med aktivt slam nått sin maximala aktivitet, ympades den dessutom med en 
blandad odling av mikroorganismer kallade Clewer StartUp. Efter denna ominokulation 
ökade både fenol och COD-reduktionshastigheten. Stabil COD- och fenolborttagning (91 
± 2% respektive 99 ± 0,6%) erhölls efter 12 dygn med användning av bioreaktorn vid 
vattentemperaturer från 26 till 29°C när belastningshastigheterna var i intervallet från 334 
till 700 g fenoler/m3 bärare/d och 1,4 till 3 kg COD/m3bärare/d och hydraulisk 
retentionstid minskade från 36 till 17 timmar. RBBR-konstruktionsparametrar erhölls från 
pilotprovet och sex olika reaktordesignsituationer beräknades.  
 
SLUTSATS  
Effektiva metoder behövs i Nestes raffinaderis reningsverk för att uppfylla de lokala och 
internationella utsläppsgränserna. Den studerade roterande biofilmreaktorn visade sig vara 
mycket effektiv för att minska halten av fosfor och biologiskt innehåll i avloppsvattnet från 
biobränsleproduktionen och kan därför användas tillsammans med befintlig utrustning eller 
som en separat enhet.  
 
RBBR-reaktorn är lämplig för rening av avloppsvatten från biobränsleproduktionen, 
särskilt för att den bryter ner fenoler och biologiskt innehåll, COD och BOD. Att använda 
RBBR-reaktorn med en utjämningsbehållare möjliggör högre tolerans för chockflöde även 
vid hög belastning. Detta kräver dock övervakning av avloppsvattnet och åtgärder från 
operatörerna på avloppsvattenverket. Om tex höga koncentrationer av fenoler observeras i 
analyserna, behövs åtgärder för att sänka koncentrationerna vid de första stegen. Detta 
kräver även att bakteriekulturen i reaktorn är lämplig för behandling av fenoliska 
substanser.  
 
RBBR är lämplig att användas i två olika alternativa konfigurationer för Borgå raffinaderi 
för att optimera reningen av avloppsvatten från NEXBTL förbehandlingsenhet. Den ena 
är att bygga den direkt efter förbehandlingsenheten. Detta skulle kräva en buffertenhet, 
eftersom flödet av avloppsvattnet från förbehandlingsenheten inte är kontinuerligt. En 
buffertenhet kan även eliminera chockflöde från NEXBTL förbehandlingsenheten. Ett 
annat alternativ, som är bättre för hela avloppsreningsverket, är att installera RBBR 
reaktorer efter aktivslamsystemet. Detta skulle fortfarande kräva en buffertank för att 
hantera eventuell chockbelastning och för att balansera driften. Chockflödestoleransen 
skulle dock kräva ytterligare studier.  
 
En RBBR är lätt att installera och kräver inget omfattande markarbete, vilket vanligtvis är 
en stor del av kostnaden med till exempel utformningen av ett aktivslamsystem. Antalet 
RBBR enheter kan även utökas om spillflödet ökar snabbt. En annan fördel med RBBR-
systemet är att det enkelt kan transporteras till raffinaderiet ifall av någon extrem 
testkörning, med  nya flöden, för  att där kopplas till de rätta avloppslinjerna för att rädda 
resten av avloppsreningsverket från förorening.  
 
Att använda en RBBR-reaktor skulle spara utrymme i avloppsreningsverket jämfört med 
aktivslamtankar. För äldre och nuvarande raffinaderier är denna reaktorteknik enkel att 
installera utan fullständig ändring av avloppsreningsverket. Underhållet och driften är lätta i 
jämförelse med aktivslamprocessen, med färre elektromekaniska komponenter och 
processteg. Reaktorn är dessutom lätt att rengöra.  
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Jämfört med ett aktivtslamsystem är RBBR mer kostnadseffektivt och smidigt. Det kan 
kräva mer utbildning för operatörerna och resultera i ökade operatörstimmar om 
chockflöde uppstår, men annars är det lättare att underhålla. RBBR-reaktorn producerar 
också mindre slam. 
 
En RBBR skulle också vara lämplig för ett raffinaderi, där användningen av bio-råmaterial 
inte är kontinuerligt. Detta skulle förutsätta en utjämningsbehållare, men samtidigt ge en 
viss flexibilitet för raffinaderierna och speciellt under tider där utvecklingen av biobränslen 
fortfarande är aktiv och det fortfarande kan uppstå fel, problem och frågeställningar vid 
pilotprovningen.  
 
Med konventionella system kan utbrott av en giftig förening eller en chockflöde leda till 
funktionsfel hos hela avloppsreningsverket och därmed påverka hela raffinaderiet och dess 
drift. Avloppsvatten kan behöva transporteras till andra platser för rening, vilket resulterar i 
en enorm kapitalförlust - upp till 10 000 - 100 000 € per dag vilket avsevärt skulle minska 
vinsten även för ett större raffinaderi.  
 
Från det fullskaliga raffinaderitestet och pilotprovningsresultatet var det lätt att dra 
slutsatsen att RBBR-reaktorn skulle kunna användas för rening av avloppsvatten från 
biodrivmedelsraffinering.  
 
Detta lämnar fortfarande utrymme för effektivitetsfrågor och om denna typ av reaktor är 
bäst för avloppsvatten från bioraffinieringsindustrin. Ändå kan denna reaktortyp  vara 
bättre än de flesta av de konventionella behandlingsenheterna samtidigt som man kan 
sparar energi, utrymme, kemikalier och miljö. 
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Reduction 

(%)

Total Soluble Total Soluble Total Soluble Inlet Outlet Inlet Outlet

6.3.2017 0 Added to the water 100 ml of CL20/1000L W W

7 1 4,8 125 1420* 723 196 6,82 3,47 0,94 49 86 355* 50 1,7 0,24 86 7,7 9

8 2 4,8 125 1420 960 414 6,82 4,61 1,99 32 71 355 109 1,7 0,52 69 7,65 9

9 3 5,04 119 1420 1138 1042 7,16 5,74 5,25 20 27 355 173 1,79 0,87 51 7,84 9

10 4 5,09 118 1420 889 709 7,23 4,53 3,61 37 50 355 196 1,81 1 45 7,83 10

13 7 5,4 111 1420 962 834 7,67 5,19 4,5 32 41 355 248 1,92 1,34 30 7,93 10,5

14 8 5,4 111 1420* 929 830 7,67 5,02 4,48 34 42 354* 241 1,91 1,3 32 7,78 10

15 9 5,2 115 1420 962 822 7,38 4,27 4,27 42 42 354 226 1,84 1,18 36 7,8 10

16 10 5,4 111 1420 995 844 7,67 5,37 4,56 30 40 354 220 1,91 1,19 38 7,71 9,5

17 11 5,04 119 1420 963 892 7,16 4,85 4,5 32 37 354 228 1,78 1,15 35 7,84 9,5

20 14 5,04 119 1420 1060 919 7,17 5,34 4,63 25 35 354 257 1,78 1,3 27 7,7 9,5

21 15 5,3 113 1420 812 681 7,53 4,3 3,61 43 52 354 264 1,88 1,4 25 7,86 10

22 16 4,9 123 1420 1113 985 6,96 5,45 4,83 22 31 354 272 1,74 1,33 24 7,8 10,5

23 17 4,9 123 1420 1099 1003 6,96 5,39 4,91 23 29 354 286 1,74 1,4 19 8,01 10 Installed the heater in the water tank

24 18 4,9 123 1420 1100 987 6,96 5,39 4,84 23 30 354 283 1,74 1,39 20 7,87 10

27 21 4,9 123 1420 1092 843 6,96 5,35 4,13 23 41 354 281 1,74 1,38 21 7,62 12,3

28 22 4,9 123 1420 1058 972 6,96 5,18 4,76 26 32 354 284 1,74 1,39 20 7,78 12,4

29 23 5,09 118 1420 1058 974 7,23 5,39 4,96 25 31 354 283 1,81 1,44 20 7,78 10,5

30 24 4,8 125 1420 1020 947 6,82 4,9 4,55 28 33 354 271 1,7 1,3 23 7,72 10 Installed the warming cover box

31 25 2,65 226 1420 1000 750 3,76 2,65 1,99 29 47 354 226 0.94 0,6 36 7,73 18,7

3.4.2017 28 2,65 226 1420 393 217 3,76 1,04 0,58 72 85 354 9,5 0.94 0,025 97 7,72 20

4 29 2,65 226 1420 395 193 3,76 1,05 0,51 72 86 354 5,23 0,94 0,014 98 7,74 19

5 30 2,58 233 1420 329 183 3,66 0,85 0,47 77 87 354 3,99 0,91 0,01 98,9 7,82 21

6 31 3,5 171 1420 338 183 4,97 1,18 0,64 76 87 354 4,33 1,24 0,015 98,8 7,82 21

7 32 3,5 171 1420 282 180 4,97 0,99 0,63 80 87 354 3,94 1,24 0,014 98,9 7,82 21

10 35 3,5 171 1420 275 174 4,97 0,96 0,61 81 88 354 3,12 1,24 0,01 99,2 7,95 22

11 36 4,53 133 1420 258 178 6,43 1,17 0,81 82 87 354 3,37 1,6 0,015 99,1 7,8 21

12 37 4,53 133 1420 260 169 6,43 1,18 0,77 82 88 354 3,75 1,6 0,017 98,9 7,87 21

13 38 5,54 108 1420 264 184 7,87 1,46 1,02 81 87 354 5,3 1,96 0,029 98,5 7,82 21

18 43 5,54 108 1420 308 211 7,87 1,71 1,17 78 85 354 9,18 1,96 0,051 97,4 7,92 20

21 46 7,39 81 1420 310 230 10,49 2,29 1,7 78 84 354 12,7 2,62 0,094 96 7,47 22

24 49 7,52 80 1420 478 378 10,68 3,59 2,84 66 73 354 55,7 2,66 0,419 84 7,88 19

27 52 6 100 1420 536 411 8,71 3,22 2,47 63 71 354 70,9 2,12 0,425 80 7,88 19

2.5.2017 57 5,54 108 1420 598 506 7,87 3,31 2,8 58 64 354 118 1,96 0,654 67 8 20

3 58 5,54 108 1420 614 511 7,87 3,4 2,83 57 64 354 117 1,96 0,648 67 7,98 26

4 59 5,54 108 1420 598 492 7,87 3,31 2,73 58 65 354 114 1,96 0,632 68 8,06 26

5 60 5,17 116 1420 583 496 7,34 3,01 2,56 59 65 354 100 1,83 0,517 72 8 25

8 63 5,17 116 1420 351 244 7,34 1,81 1,26 75 83 354 17,8 1,83 0,092 95 8,07 25

9 64 5,17 116 1420 310 226 7,34 1,6 1,17 78 84 354 11,9 1,83 0,062 96,6 8,06 24

10 65 5,17 116 1420 459 225 7,34 2,37 1,16 68 86 354 8,88 1,83 0,046 97,5 8,14 24

11 66 6,24 96 1284* 319 198 8,01 1,99 1,24 75 84 330* 14,5 2,06 0,091 96 8,06 23

12 67 6,24 96 1284 330 6,99 2,06 0,044 97,9 8,07 25

15 70 6,24 96 1284 246 166 8,01 1,54 1,04 81 87 330 3,16 2,06 0,02 99 8,14 26

16 71 7,25 83 1274* 236 166 9,24 1,71 1,2 81 87 331* 3,03 2,4 0,022 99,1 8,12 24

17 72 7,25 83 1274 233 168 9,24 1,69 1,22 82 87 331 2,85 2,4 0,021 99,1 8,07 25

18 73 8,38 72 1274 224 169 10,68 1,88 1,42 82 87 331 2,76 2,77 0,023 99,2 8,2 26

19 74 8,38 72 1274 219 157 10,68 1,84 1,32 83 88 331 2,68 2,77 0,023 99,2 8,13 27

20 75 9,54 63 1274 225 160 12,15 2,15 1,53 82 87 331 2,5 3,16 0,024 99,2 8,12 27

22 77 9,54 63 1274 229 157 12,15 2,19 1,5 82 88 331 2,29 3,16 0,022 99,3 8,11 28

Volume of RBBR - 25 L; Volume of carrier - 17,5 L; Protected surface area of carrier - 11,4 m
2
; Total surface area of carrier - 15,8 m

2
.

Daily analyses of the waste water treatment.

*Inlet concentrations of COD and phenols based on the measurements.

**Total outlet COD was measured after one hour of clarification and soluble outlet COD was measured after one hour of clarification with Kemira Fennoflocx A100.

Data Days

L/d HRT (h)

Waste water flow

Note
(mg/L) (g/d)

COD** Phenols

inlet outlet inlet outlet (%)

Concentration (mg/L) Load (g/d) Reduction pH ToC

Waste water from Tank 1

Outlet

Concentration Load
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Appendix 1. (continued) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reduction 

(%)

Total Soluble Total Soluble Total Soluble Inlet Outlet Inlet Outlet

23 78 10,5 57 1274 223 162 13,43 2,35 1,71 82 87 331 2,67 3,49 0,028 99,2 8,11 27

24 79 10,5 57 1274 221 155 13,43 2,33 1,63 82 88 331 2,57 3,49 0,027 99,2 8,09 27

25 80 11,5 52 1274 246 163 14,6 2,82 1,87 81 87 331 3,11 3,79 0,036 99,05 8,04 27

26 81 12,9 47 1242* 250 165 15,97 3,22 2,12 80 87 311* 3,15 4 0,041 99 8,04 27

29 84 12,9 47 1242 238 153 15,97 3,06 1,97 81 88 311 2,49 4 0,032 99,2 8,03 28

30 85 14,6 41 1242 258 203 18,18 3,78 2,97 79 84 311 16,8 4,55 0,246 94,6 8,04 26

31 86 14,6 41 1242 272 207 18,18 3,98 3,03 78 83 311 18,1 4,55 0,265 94,2 7,96 26

1.6.2017 87 14,6 41 1242 296 233 18,18 4,33 3,41 76 81 311 25,1 4,55 0,368 91,9 7,95 25

2 88 13,4 45 1242 287 222 16,69 3,86 2,98 77 82 311 19,7 4,18 0,265 93,7 8,03 25

5 91 13,4 45 1242 223 149 16,69 3 2 82 88 311 3,22 4,18 0,043 99 8,04 27

6 92 16,8 36 1183* 277 225 19,85 4,65 3,78 77 81 309* 24,7 5,19 0,415 92 8,02 26

7 93 16,8 36 1183 254 194 19,85 4,26 3,26 78 84 309 14,6 5,19 0,245 95,2 8,03 27

8 94 16,8 36 1183 229 165 19,85 3,84 2,77 81 86 309 5,85 5,19 0,098 98,1 8,06 28

9 95 17,9 33 1183 273 216 21,22 4,9 3,88 77 82 309 19,3 5,54 0,346 93,8 7,99 27

12 98 17,8 34 1156* 222 173 20,53 3,94 3,07 81 85 303* 8,48 5,38 0,151 97,2 8,02 28

13 99 100 ml of CL20/1000L WW

14 100 19 32 1415* 437 349 26,83 8,92 6,62 67 75 351* 78,8 6,66 1,494 78 7,99 26

15 101 20,7 29 1415 572 536 29,35 11,86 11,12 60 62 351 118 7,28 2,45 66 8,02 27

16 102 16,1 37 1415 549 508 22,78 8,84 8,18 61 64 351 111 5,65 1,79 68 8,03 28

19 105 16,1 37 1415 391 346 22,78 6,3 5,57 72 75 351 48,4 5,65 0,779 86 7,91 29

20 106 16,9 36 1415 345 302 23,86 5,82 5,09 76 79 351 37 5,92 0,624 90 7,95 28

21 107 16,9 36 1436* 356 290 24,21 6 4,89 75 80 347* 34 5,85 0,573 90 7,94 27

21

22 108 16,9 36 1436 274 141 24,21 4,62 2,38 81 90 347 1,71 5,85 0,029 99,5 7,7 28

26 112 19 32 1433* 239 113 27,17 4,53 2,14 83 92 354* 1,3 6,71 0,024 99,6 7,79 29

27 113 21,2 28 1433 253 112 30,38 5,36 2,37 82 91 354 1,4 7,51 0,03 99,6 7,85 28

28 114 23,4 26 1433 243 95 33,53 5,69 2,22 83 93 354 1,18 8,28 0,028 99,7 7,88 28

29 115 25,8 23 1411 243 90 36,4 6,27 2,32 83 94 347* 1,16 8,95 0,03 99,7 7,5 28

30 116 31,2 19 1411 251 92 44,02 7,83 2,87 82 93 347 1,22 10,8 0,038 99,6 7,5 28

3.7.2017 119 36,8 16 1411 253 99 51,92 9,31 3,64 82 93 347 1,53 12,8 0,056 99,6 7,61 28

4 120 42 14 1411 288 96 59,26 12,2 4,03 79 93 347 1,82 14,6 0,076 99,5 7,49 28

5 121 47,4 13 1403* 657 547 66,5 30,91 25,93 53 61 345* 150 16,4 7,11 56 7,57 27

6 122 47,4 13 1403 667 588 66,5 31,62 27,87 52 58 345 164 16,4 7,77 52 7,73 26

7 123 45 13,3 1403 487 408 63,1 21,92 18,36 65 71 345 92,6 15,5 4,17 73 7,7 26

10 126 44,9 13,4 1403 259 189 63 11,63 8,49 81 86 345 14,6 15,5 0,656 96 7,55 29

11 127 42,2 14,2 1403 248 139 59,21 10,47 5,87 82 90 345 7,18 14,6 0,303 97,9 7,68 28

12 128 42,5 14,1 1403 288 147 59,63 12,24 6,25 79 89 345 8,66 14,7 0,368 97,5 7,69 28

12 128 100 ml of CL20/1000L WW

13 129 42,7 14,1 1431* 352 270 61,1 15,2 11,53 75 81 348* 38 14,9 1,623 89 7,57 29

17 133 40,3 14,9 1423* 373 301 57,38 15,04 12,14 74 79 347* 46,3 14 1,87 87 7,75 29

19 135 39,4 15,2 1423 372 295 56,01 14,64 11,61 74 79 347 44,5 13,7 1,75 87 7,65 28

20 136 35,3 17 1423 219 145 50,2 7,73 5,12 85 90 347 2,38 12,2 0,084 99,3 7,75 29

21 137 37,4 16 1423 317 242 53,28 11,87 9,06 78 83 347 29,2 13 1,09 92 7,71 28

24 140 36,5 16,5 1411* 249 146 51,47 9,08 5,33 82 90 346* 5,81 12,6 0,212 98,3 7,77 29

25 141 35 17 1411 233 138 49,44 8,16 4,84 83 90 346 4,04 12,1 0,142 98,8 7,72 29

Reduction Concentration Load

RBBR was additionally inoculated with 2 liters of mixed microbial culture (CLEWER® STARTUP)

Data Days

Waste water flow
COD** Phenols

pH ToC
Concentration (mg/L) Load (g/d)

L/d HRT (h)
inlet outlet

Note
(%) (mg/L) (g/d)

Waste water from Tank 2

inlet outlet

Waste water from Tank 3
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Appendix 2. 
Not presented. 
 
Appendix 3. 
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Appendix 5. 

 
 
 
 
 
Appendix 6. 
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Appendix 7. 
 Not presented. 
 
Appendix 8. 
 
Naantali permits and parameters 

 Oil  5 kg/d BAT 0,1…2,5 mg/l 

 Phenols   1 kg/d No BAT value 

 P tot   2,5 kg/d No BAT value 

 N tot   70 kg/d BAT 1…25 mg/l 

 BOD7ATU   100 kg/d No BAT value 

 COD   no monthly limit, BAT 30…125 mg/l 

Naantali refinery permit limits. 
 
 
Appendix 9. 
Not presented. 
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Appendix 10. 
 
 

Activated sludge tank 

 Dimensions: D4, H2 

 Design flow: 30 m3/h 

 Footprint: 170 m2 

 Volume: 700 m3 

 From concrete elements 

 Instrumentation and piping material: SS316L 
 
Equipment 

 Feed pump 10-40 m3/h 

 Aeration, 1 pcs 90 kw/h 

 Chemical pump 1 m3/h 

 Heating +30 oC 
 
Analyzing equipment 

 Oxygen, CO2, COD 

 pH sensor 

 temperature 
 

 Additional chemical vessels 
 

 Package offer, 270 000€ with installation 

 Activated sludge tank from concrete elements 

 Aeration equipment and installation (80 000€ - 180 000€) 

 Depends on the blower types, aeration grip type and material 

 2800 Nm3/h, 120 kPa 

 Earth work on site 
 

 Additional cost: 

 Analysator 

 Sample collectors 

 Automatic cleaning system for PH instrument 

 Package 40 000€ 
 

 Pump 10-40 m3/h 35 000€ 

 Chemical pump 1 m3/h 10 000€ 

 Instrumentation 50 000€ 

 Electrical work 30 000€ 

 Automation 50 000€ 

 Engineering costs 35 000€ 
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Appendix 10. (continued) 
 

 

 Additional cost: 

 Analysator 

 Sample collectors 

 Automatic cleaning system for PH instrument 

 Package 40 000€ 
 

 Pump 10-40 m3/h 35 000€ 

 Chemical pump 1 m3/h 10 000€ 

 Instrumentation 50 000€ 

 Electrical work 30 000€ 

 Automation 50 000€ 

 Engineering costs 35 000€ 
 

 total 210 000€ 

 SUM 480 000€ = 0,5 M€ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


