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Abstract 

Due to several reasons, treatment methods for a certain waste are often not available 

locally in the waste handling and management industry. This is especially true for 

regions which are not densely populated. This requires transports, the majority of 

which consumes fossil fuel. To avoid this, local waste treatment methods need to be 

developed. In this work it is investigated how treatment of one hazardous waste is 

done; water and sludge containing oil. Based on sustainability criteria three novel 

methods are presented that can be conducted locally; mycoremediation, 

phytoremediation and electrocoagulation. The methods are evaluated in a case study 

of a recycling company. Mycoremediation and electrocoagulation were found to be 

suitable in the case study, as long as some criteria are fulfilled. In addition it is shown 

what barriers exist in law, policies and practices that hinder local treatment of water 

and sludge containing oil. 

Keywords: electrocoagulation, industrial symbiosis, mycoremediation, oil, 

phytoremediation, sludge, sustainability, Sweden, wastewater 
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1. Introduction 

In the waste handling and management industry, local treatment methods for a 

certain waste are often not available. This may have several reasons, such as that the 

required treatment methods are centralized to a few areas with higher economic 

activity or that there are insufficient resources in the local area. Several barriers for 

implementing local treatment methods exist. This leads to an extensive need of waste 

transports, especially in Sweden where the distances between cities can be 

long. Water and sludge containing oil is one such waste, which often needs long 

transports. It is also classified as hazardous waste (The Swedish Environmental 

Protection Agency, 2007). To avoid the transports of this waste, there is a need 

to develop methods for treating water and sludge containing oil, which can be done 

locally and be part of sustainable development. A significant majority of transports 

in Sweden today consume fossil fuel. This is especially true for the long-distance and 

heavy transports. Not only is this fuel consumption not renewable, it has a significant 

impact on climate change (IPPC, 2014). This issue is one of the most discussed topics 

today. There are many suggested technical solutions to change this; to change the 

technology so that it relies on renewable fuels that do not contribute to climate 

change is one of them. Especially in Swedish counties like Jämtland transportation is 

an issue, since it is a sparsely populated county and not located closer to the more 

industry heavy south of Sweden, where more options are offered (The County Board 

of Jämtland, 2009). Technological changes to transportation are needed and the work 

behind them important. However, equally important should be the question if the 

transports are needed at all, or rather if it is possible to find a local solution to 

problems that have so far needed long distance transports.  

From the perspective of companies in the business of collecting and treating water 

and sludge containing oil there are two main sources of the waste. In e.g. the 

petroleum industry there are other sources. One of the sources in the recycling 

industry is oil separators. Activities such as gas stations, car washes and workshops 

are examples of where an oil separator is required. The function of oil separators is to 

prevent hazardous substances that are in the wastewater for some reason from 

entering the environment. An oil separator separates liquids that are lighter than 

water from the wastewater, e.g. oil and petroleum. Simply put, their design is like a 

large tank that water flows through. In one part, particles settle and are held in place 

by a screen. In another part, the light fluids are staying on top of the water, which 

flows through the tank. The light fluids are stored in the tank, the volume depends 
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on the design. When full, the oil separator is emptied. The two fractions, water and 

sludge, are emptied and taken care of separately. The separation is however not total, 

the oil separator is not able to separate e.g. emulsified oil from the wastewater, which 

is why some facilities require additional separation equipment for their wastewater. 

The water and sludge that is produced from this is hazardous waste, the 

classification has several reasons. Water containing oil can damage the biological 

process at a wastewater treatment plant. If it is discharged to the environment, it can 

be toxic to aquatic organisms and plants. Often it also contains heavy metals, which 

are toxic to organisms. It can accumulate in organisms and weaken their ability to 

survive other pollution. Petroleum is also toxic and can cause long lasting damage to 

the aquatic environment. If the discharged volumes are large, the degradation of the 

oil can cause hypoxia since it consumes oxygen (The Swedish Environmental 

Protection Agency, 2007). The other source of water containing oil is recycling of 

used oil products. The properties and volume of water containing oil is depending 

on several factors, such as what kind of use the oil product has been in and the 

recycling process. From both sources, the properties of water and sludge containing 

oil are characterized by showing a large variation, which also makes it difficult to 

treat (personal communication with M. Jönsson, February 17th 2015).  

To accomplish a local treatment of the water and sludge containing oil, it is 

necessary to attain knowledge of which methods that are currently conducted in 

Sweden, if there are any alternative or novel methods that could be applied and what 

barriers currently exist for adopting local methods. Such methods could for example 

be different forms of on-site bioremediation. This thesis will provide information 

regarding the situation in Sweden and possible solutions that is not conventionally 

applied. There is a considerable gap in knowledge about what treatment methods are 

used in Sweden and what alternatives exist. With this information, the industry will 

be able to decide what the best option is to possibly go ahead with in future 

development projects regarding wastewater containing oil. The information can also 

lead to the creation of new, local, companies using the treatment methods when the 

barriers are pointed out and hopefully, in the future, removed. To give relevance and 

actually check the suitability of alternative or novel methods they need to be 

evaluated in a real situation, where there is a source of large volumes of water and 

sludge containing oil that are being transported over large distances. A recycling and 

waste transportation company in Östersund, Sweden, is in this situation where a 

local treatment of the wastewater they collect could possibly be implemented, but at 

the moment is transported over a large distance. They have been selected as a case 

study based the complexity and large volume of water and sludge containing oil that 
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they collect in the county of Jämtland, Sweden, but also on their willingness to 

participate and contribute to sustainable development.  

The overarching question that this work is based upon is "How is water and sludge 

containing oil treated today in Sweden, and how can such treatment be accomplished 

locally and hence reduce greenhouse gas emissions?” This work is limited to 

treatment methods that are done in Sweden and what barriers exist in the Swedish 

industry. If the goal is to avoid transports, it means that there has to be a local 

treatment method. What a local method is can be a matter of discussion. According 

to a Swedish encyclopaedia “lokal”, Swedish for local, means that the phenomena or 

action is limited to a certain smaller area (Gustafsson). A certain smaller area can 

mean the lowest level of administration in Swedish politics, i.e. the municipality. 

However, keeping the transports within the municipality can mean difficulties for 

some municipalities, since the economic level and population vary heavily between 

the municipalities. The next level of administration is the county, of which there are 

21 in Sweden (The Swedish County Boards).  Keeping transports within a county can 

on the other hand require some considerable transports, since the distances within a 

Swedish county can be long. However, for the sake of consistency, the county will in 

this thesis be used to define the geographical limits for a local method. In a county 

there is often a need for better cooperation to develop in a sustainable way. The 

Swedish county boards set policies and goals in the counties, e.g. less fossil fuel 

usage and industrial development (The County Board of Jämtland, 2009), which 

makes it reasonable to also aim for treating its waste within the county borders. An 

optimised and focused regional development is also an important part of 

sustainability, which is discussed in section 3.2. 
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2. Objectives 

There are several objectives with this thesis project, which are:  

 Investigate how treatment of water and sludge containing oil is currently 

performed in Sweden 

 Find out what barriers exist in the industry of treatment of water and sludge 

containing oil, with a focus on those that hinder local treatment methods 

 Look for alternative and novel methods to treat water and sludge containing 

oil, with the requirment that they can be conducted locally and can be 

considered to contribute to a more sustainable development than current 

methods 

 Evaluate the novel methods by the use of a case study. 

These objectives do not seek to provide a complete solution to the issue with water 

and sludge containing oil, rather they show the gaps in knowledge and provide a 

basis for further research. Since the methods have to be possible to conduct outside 

the industrial and financial centres, the methods have to be resource-efficient enough 

to be possible to carry out in sparsely populated areas with low financial and 

economic activity. The methods also have to be possible to conduct under Swedish 

conditions, since the approach is to investigate the situation in Sweden and how it 

could improve. 

3. Methods 

The first section of this chapter deals with what steps have been used in the work 

process, the second defines the criteria for sustainability and how they have been 

used, and the third presents the case study that have been used as an evaluation tool. 

3.1. Methodology and work process 

The starting approach in this thesis was to find methods that could be implemented 

locally and contribute to a more sustainable development. In the next step different 

methods were selected based on their reported success in treating complex pollutants 

that are petroleum-based. The methods that had been found were then checked 

against the criteria described in the next section. Finally, the selected methods were 

applied to the case study. A literature study was also conducted to create an 

understanding of how water and sludge containing oil is treated conventionally in 

Sweden. The knowledge was mainly found by using a search engine for scientific 

literature, called Primo Search, through which the digital library of Mid Sweden 
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University was accessed. Search terms that were used were: “Sweden”, 

“contaminated water”, “wastewater”, “oil removal”, ”treatment methods”, “oily 

sludge”, ”oil-water emulsion”, “petroleum contamination”, “oil separator”. 

Webpages of companies treating water and sludge containing oil were an important 

source for contact information to experts and what treatment methods they are 

using. Since it was found that the treatment methods mostly used today are not new, 

little relevant information could be found in journals, especially Swedish research 

proved difficult to find.  

Semi-structured interviews were conducted in Swedish to find out the current 

methods being done in Sweden and what barriers there are for local treatment of 

wastewater and sludge containing oil. The interviews consisted of lead questions 

regarding what methods the experts are or have been performing, what their 

experience of these methods have been like, if any changes have been planned or 

investigated, if there are any novel methods they are interested in, and finally what 

barriers they have encountered, especially from a local treatment perspective. These 

were aimed at experts and companies in the field, who were allowed to talk freely 

around them or being asked follow-up questions. Open discussions were also held 

with people from the mushroom cultivation industry and the environmental 

protection department of the County Board of Jämtland.  

Several visits were conducted to the selected company to obtain the knowledge for 

the case study, which is described in section 3.3. Quantitative and qualitative 

information about the wastewater was gathered through studying analysis results, 

looking at the facilities and equipment for handling the water and sludge containing 

oil, and discussing their experiences from the wastewater and the treatment methods 

in the industry. The qualitative part was especially important since the properties of 

the water and sludge containing oil are varying and some conventional treatment 

methods had already been considered. 

3.2. Sustainability criteria 

To assess the sustainability of treatment methods it was necessary to define criteria 

for evaluation. The most suitable treatment methods could then be checked and 

qualified to further investigate and evaluate them in a case study. Defining 

sustainability has been, and still is, a matter of research and discussion. The most 

widely used definition was defined in 1987 as integrating the three pillars of 

environmental protection, economic growth and social equality so that they “meet the 

needs of the present without compromising the ability of future generations to meet their own 

needs” (World Commission on Environment and Development, 1987).  This is 



 

6 

 

however a broad definition that has been expanded upon.  When Milutinovic et al. 

(2014) developed a model for assessing the sustainability of waste management 

scenarios, they used a set of indicators in a hierarchical structure, that evaluated each 

scenario. Emission of carbon dioxide was ranked the highest (Figure 1) of the 

sustainability indicators, but the model also used, among others, investment costs, 

volume reduction and job creation. It was also predicted that the model would start 

using more indicators to be able to distinguish between scenarios. The ranking of 

greenhouse gas emissions as the most important is especially relevant in this thesis 

project, since the aim of local methods is to avoid transports and their connected 

greenhouse gas emissions. From the model it is also clear that the authors put value 

on regional development, since the waste treatment methods should create jobs and 

have public acceptance. A local treatment method creates jobs in the region, instead 

of having a monetary flow out from the region to where the centralized treatment 

methods are located. Volume reduction on the other hand reduces the need for 

transports and using a larger area for storage or landfill.  

 

Figure 1. 8 different indicators for evaluating the sustainability of waste management 

scenarios (Milutinović, et al., 2014). 

In another study for the selection of appropriate wastewater treatment technology, 

with focus on sustainability, a multiple-attribute methodology for decision-making 

was developed. The authors stated that generally it is difficult to select a suitable 

treatment method for a location, since many alternatives with different complexity of 

technology exist. They used 7 different criteria, which had 12 indicators. The criteria 

were: Global warming, eutrophication, life cycle cost, land requirement, man power 

for operation, robustness of system and sustainability. The sustainability was 
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indicated by acceptability, participation, replicability (simple design and operation) 

and stimulation of sustainable behaviour; factors that all have to do with the social 

dimension of sustainable development. The first 6 criteria leaned more to the 

environmental and economical dimensions (Kalbar, et al., 2012). This article put 

much focus on avoiding greenhouse gases, but also a flexible, simple and durable 

operation phase. 

Sustainable methods can also be developed and achieved through the use of 

industrial ecology. According to von Hauff&Wilderer (2008) some researchers have 

defined industrial ecology as just “science of sustainability”, but according to the 

authors that can be a somewhat misleading term. Closed-loop solutions, which 

integrate environmental, economic and social dimensions, are the core of industrial 

ecology and ultimately sustainability. However, it is difficult to give all dimensions 

equal weight. It is especially the social dimension that has been proven to be a 

challenge for industrial ecology. They propose an “integrative sustainability 

triangle”, a model which incorporates all dimensions but evaluates sustainability 

performance according to which goals an action manages to fulfil. For example, the 

goal of generating revenue is a strictly economic one, but salaries are affecting both 

economic and social. This is then used to give a broader perspective for industrial 

ecology and evaluate the sustainability performance of an action. For this reason, in 

this thesis work much focus will be put on industrial ecology, or rather industrial 

symbiosis, which will be explained in the chapter about local options for treatment 

that aims towards sustainability. Trying to implement a closed-loop solution, which 

avoids transports and creates jobs outside of the industrial centres are contributing to 

a sustainable development and therefore included in the evaluation in this work.  

In this work these sustainability criteria and indicators were used qualitatively to 

select the most suitable methods for treating the water and sludge containing oil, 

which resulted in three methods that will be presented in chapter 6. The 

sustainability criteria were used qualitatively because the methods had not been 

performed on this type of wastewater, making it difficult to estimate flows and how 

they contributed exactly to sustainable development. This is illustrated in Figure 2. 

When a potential local treatment method was found, it was checked if it e.g. lowers 

the need for transportation. An example of criteria that could fail a treatment method 

was high economic costs (both investment and operational), even if it resulted in low 

emissions of greenhouse gases. Ease of operation was considered important by 

Kalbar et al. (2012), but it is also important for the sake of automation, reducing need 

for staff. The three most suitable methods, according to the criteria, were then further 
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evaluated by the use of a case study, which is described in the next section. This 

method is an amalgamation of the models presented previously in this section. 

 

Figure 2. Flow chart showing the qualitative evaluation of treatment methods (conventional 

and novel), which is the basis for the three methods further evaluated in the case study.  

3.3. Case study as an evaluation tool 

The chosen methods were evaluated in a case study to further investigate how 

suitable they are for local treatment of water and sludge containing oil. An 

environmental systems analysis perspective was used to see how and if an industrial 

symbiosis can be created with the novel methods in a real situation where there is a 

need for a local treatment. The company Lundstams offers waste treatment and 

collection in Jämtland, Sweden, and will serve as the case study. The company had a 

turnover of 99.4 million SEK in 2013 and employs 68 people in Östersund, Åre and 

Umeå. The company wants to maintain an environmentally conscious image and 

focus on closed loop-ideas with modern solutions. Their main business lies in 

collecting waste and transporting it, but also hazardous waste and recycling. 

Currently, a large part of their operation is to collect wastewater containing low 

levels of oil and heavy metals from workshops for vehicles. The wastewater is then 

transported to Gävle, Sweden, for treatment. The volumes are large and the distance 

is considerably long, approximately 400 km. This results in transport costs and 

consumes fossil fuels. Lundstams wants to look for alternative and locally available 

solutions, and at the same time support development of modern technologies. Their 

aim is to be able to discharge the wastewater locally (Engström, et al., 2014). 
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The two different sources of water and sludge containing oil are transported 

separately to treatment outside of the region by other companies. They are avoiding 

mixing the two different sources due to one being more contaminated and thus 

having higher treatment cost. The mix of water and sludge containing oil mainly 

comes from emptying oil separators in Jämtland, Sweden. The wastewater is 

transported to the company by tank trucks and is then emptied in a sludge pit, where 

the largest sediments, such as gravel, are removed from the water by a grating. The 

sludge is further dewatered by a decanter unit. This is the source of the sludge 

containing oil, since part of the oil will follow the sediments, as well as some heavy 

metals. The water contains the rest of the oil and heavy metals. The exact 

composition of the sludge is not known. The other source of water containing oil is 

recycling spent oils into energy. In this process, impurities are removed from the 

spent oil through e.g. filtering, heating and gravimetrical separation. The processed 

spent oil is incinerated for energy by another local company. The wastewater from 

the energy recycling process is more contaminated, with a higher oil index and 

chemical oxygen demand (COD), which means that due to treatment costs it is kept 

separated from the other wastewater containing oil. Both wastewaters are sent by 

tank trucks for treatment outside of the region, separately. The distance to the current 

treatment facility is approximately 400 km. The annual volume of wastewater that is 

transported is approximately 2000 m3. Approximately one third of the wastewater is 

from emptying oil separators and two thirds is from the oil recycling. The amount of 

sludge is approximately 580 ton, with 70–80% dry matter, which is transported 

outside the region as hazardous waste (personal communication with M. Jönsson, 

February 17, 2015). Table 1 shows a compilation of different analysis results on the 

two flows of water containing oil, which had been done by accredited laboratories in 

Sweden. No data was available for the sludge containing oil 
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Table 1.Chemical composition of the water containing oil in the case study, from oil recycling 

(OR) and from oil separators (OS), analysis have been done by several accredited companies. 

  20030901 

OR 

20031027 

OR 

20040406 

OR 

20120210 

OS 

CODCr 

[mg/l] 

29000 29000 20000 1900 

pH 9.3 5.6 5.6 6.3 

Suspended 

solids 

[mg/l] 

17 170 200 400 

S [µg/l]   5700 2600 1700 

Pb [µg/l] 1.6 35   110 

Cd [µg/l] 2.3 1.6   2.7 

Cr [µg/l] 77 55   22 

Ni [µg/l] 290 210   110 

Zn [µg/l] 52 1100   2500 

Ext aliph 

comp 

[mg/l] 

76 190 190   

Ext arom 

comp 

[mg/l] 

<1 <1 <1 <1 

Nonpolar 

aliphcomp 

[mg/l] 

1 110 130   

Phenols 

[mg/l] 

20 15 16 0.66 

BOD7 

[mg/l] 

13000 13000   850 

Oil index 

[mg/l] 

35 97 250 5.1 

 

The level of allowed emissions is depending on to where the water is discharged. If 

the water is to be discharged to the wastewater treatment plant in Östersund, 

Sweden, they have their own requirements (Table 2). These are set as target values; if 

they are exceeded more than temporarily an action has to be taken to prevent further 

exceedance. Hazardous substances are not allowed. Stricter requirements or target 

values for other substances can be set in some cases (Municpality of Östersund, 
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2009). As can be seen in the tables the water would have to be treated for both oil and 

heavy metals for this way of disposal. 

Table 2. Relevant target values for discharge to the wastewater treatment plant in Östersund. 

Hazardous substances are not allowed (Municpality of Östersund, 2009). 

Parameter  Unit 

Temperature 45 degC 

Conductivity 500 mS/m 

Sulphates 400 mg/l 

Mg 300 mg/l 

NH3 60 mg/l 

Ni 0.05 mg/l 

Zn 0.2 mg/l 

Pb 0.05 mg/l 

Cd 0.0005 mg/l 

Oil index 50 mg/l 

 

It is not known what target levels would be required in the potential environmental 

permit if the company started to treat the water and sludge containing oil internally, 

since that would be decided through a process when the company applies for the 

permit. But through conversation with the County Board of Jämtland and looking at 

previous cases for similar activities, some requirements can be expected. However, 

the decision of the county board is depending on the recipient and what is 

considered BAT. If the water is discharged to a local recipient, the requirements in 

similar cases have been 5 mg/l hydrocarbon oil index, 5 mg/l nonpolar aliphatic 

compounds and 5 mg/l extractable aromatic compounds. Hazardous substances 

would not be allowed to be discharged with the wastewater (personal 

communication with K. Olsson Westbye, March 17, 2015), e.g. the heavy metals 

would need to be separated and the oil not exceeding these target levels.  Currently 

the company is not discharging any wastewater to the wastewater treatment plant, 

but if they would, the target levels are set as in Table 3. This is however an old 

environmental permit and would most likely be updated if the company started 

treating their collected wastewater. This gives some indication of what is required of 

the methods for treating water and sludge containing oil, which is why this case is 

used as an evaluation method; results are presented in chapter 7. 
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Table 3. Target levels that are currently set for the wastewater, however the company is 

currently not discharging any wastewater (Environmental Permit of Lundstams, 2000). 

Substance  Unit 

CODCr 1000 mg/l 

Tot. extractable substances 10 mg/l 

Pb 0.5 mg/l 

Cd 0.5 mg/l 

Cr 0.5 mg/l 

Zn 0.5 mg/l 

 

4. Barriers in the industry of treating water and sludge containing oil 

This section of the thesis deals with barriers for treating water and sludge locally and 

more sustainably, which have been found out by using the methods described in 

section 3.1. Section 4.6 presents some suggestions for improvement, with a focus on 

local treatment methods. However, most of the selected experts in the industry were 

not eager to openly share their experiences about barriers, which will affect the 

results in this section. This has likely to do with competitiveness in the industry. 

4.1. Need for large financial resources 

The need for large financial resources is what appears to be the biggest challenge 

facing companies in the business of treating water and sludge containing oil, which is 

also coupled with low returns on the investments. According to some people in the 

industry, large investments are required to be able to stay on the market. At the same 

time, a considerable amount of money cannot be made out of treating water and 

sludge containing oil in a feasible time span, which leads to a long time for return on 

investment.  It is viewed by some as a requirement to implement continuous 

upgrades and having a state of the art-treatment facility to keep customers, stay on 

market and provide other recycling services at the same time, from which more 

profits can be obtained. This also means that large volumes of water to treat are 

required (interview with T. Björkgren, February 26th 2015). However, if 

competitiveness is suffering and too few actors exist, the fees for treating water can 

be raised (personal communication, L. Lundstam, March 19th 2015). Companies 

wanting to introduce their own local method may not have the resources, the market 

base or be able to compete with price-levels that an investment-focused, centrally 

located and already established company has access to. The company might not have 



 

13 

 

access to the large volumes of water needed to make a profit, making it difficult to 

just focus on treatment of local water.  

4.2. Developing market 

The Swedish market for treatment of water and sludge containing oil is still relatively 

young and thus may face fast changing conditions. Some companies are proactively 

solving this by investing heavily in their treatment facilities and thus trying to stay 

ahead of their competitors (interview with T. Björkgren, February 26th 2015). Though 

this industry can be considered relatively new and still developing, based on the 

results from the study of which methods are currently used in Sweden, it seems that 

the treatment methods and practices are considerably homogenous. The 

development is focused on optimizing current methods and facilities and not on 

implementing novel methods.  

The changing conditions of the market for treating water and sludge containing oil 

can be both to the benefit and detriment of actors seeking to implement a local 

treatment of water and sludge containing oil. The benefit is that the structure of the 

market is not so rigid and may be favourable to an innovative company. Being an 

innovator can provide opportunities to establish a favourable position on the market. 

On the other hand, a smaller actor that is not centrally located and does not have 

access to large resources may not be able to survive a sudden shift in the market. A 

relatively new market provides both opportunities and risks (Rogers, 2003). 

4.3. Location 

Companies, that have conducted treatment of the water and sludge of the local 

business and industry, may face a dwindling market due to a negative economic 

development of the location. This is a common phenomenon in all of Sweden; due 

both to migration movements to the larger cities and more favourable business 

conditions elsewhere. The more favourable conditions can both be within Sweden, 

such as shorter transportation and larger customer base, as well as abroad, with e.g. 

cheaper manufacturing costs. The economic power is stronger in and around the 

largest cities in Sweden, making it more difficult for industries to stay in the less 

densely populated areas of Sweden (Bjerke, et al., 2012). However, many established 

companies in the waste treatment industry have customers in all of Sweden. Some 

companies treat water and sludge originating from the north of Sweden, Luleå, to the 

south, Gothenburg (interview with T. Björkgren, February 26th 2015). This results in 

massive transports. If a centrally located and established company is able to 

affordably transport and treat water and sludge containing oil over large areas due to 
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economics of scale, it makes it difficult for local treatment methods to compete. This 

may lead to that the contaminated water and sludge is not treated locally.   

4.4. Varying features of water and sludge containing oil 

The water and sludge being delivered to an actor for treatment varies much in its 

properties. It may vary in source, where common sources are from e.g. car washes, 

workshops or degraded oils that have gone through an energy recycling phase. More 

problematic are however the variations stemming from bad practices. These are e.g.  

the storage tanks of trucks that have not been properly cleaned before transportation 

(personal communication, M. Jönsson, February 17th 2015); or bad practices and 

negligence with the maintenance of oil separators. The control of the maintenance of 

oil separators is lacking (interview with T. Björkgren, February 26th 2015).  

An example of this is that during an inspection of legally required oil separators of 

car washes and gas stations in the area of Stockholm, Sweden in 2014, it was found 

that 60% of the objects had faults in regard to either maintenance or control of their 

oil separators. Of all the objects, 40% had too high levels of pollution in their waste 

water (meaning that the oil separator was not working properly) (Wålinder, 2014). 

Stricter rules regarding oil separators and transport would be required to achieve a 

more efficient treatment process (interview with T. Björkgren, February 26th 2015). 

Regarding treatment methods, these bad practices lead to difficulties in preparing 

and investing in adequate technology. If implementation of local methods is to be 

achieved, the actor may not have the choice to turn down water or sludge from a 

certain source. It is also not possible to conduct an analysis of every delivery of water 

and sludge. There might also be a lack of possibility to mix and store incoming water 

and sludge to achieve a more homogeneous liquid. Especially in biological treatment 

methods, where certain biological organisms are conditioned to remediate a certain 

type of pollution or concentration, then variations or shocks to the system are 

considerable barriers. Some contaminants or concentrations may be toxic to the 

population performing the remediation (Boopathy, 2000).  
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4.5. Different requirements in environmental permit 

In Sweden, a company that is conducting treatment of water and sludge containing 

oil must, according to chapter 9 of the Swedish Environmental Code (SFS 1998:808), 

have an environmental permit in which it is stated what levels of emissions are 

allowed. Other requirements, such as details about checking and analysing emissions 

are also stated. The local county administrative board decides what requirements the 

company has to fulfil. The requirements are based on best available technology 

(BAT) and the recipient of the emissions. Depending on what is considered best 

available technology, the requirements differ. The requirements in the permit can be 

updated if what is considered BAT change. If the recipient is more vulnerable or 

valuable, then the requirements will be stricter, according to chapter 2 & 22 of the 

Swedish Environmental Code (SFS 1998:808). Stricter requirements in the 

environmental permit mean that the water and sludge has to be cleaner when the 

treatment is finished. Cleaner water generally requires a more expensive treatment 

process and facility.  

Currently, the requirements for companies conducting treatment of water and sludge 

containing oil differ. Some companies also do more than what is required in their 

permit, either of environmental awareness or investing in a certain level of 

technology to either compete or of expectation of more strict requirements (interview 

with T. Björkgren, February 26th 2015). The requirements vary between county, 

depending on which authority has given them. The same water and sludge 

containing oil can have different requirements on treatment depending on which 

county it is located in (personal communication, M. Jönsson, February 17th 2015). This 

influences the competitiveness of companies, making it difficult for a company 

wanting to conduct local and sustainable treatment of water and sludge. It may lead 

to a situation where it is more profitable for a waste-handling company to transport 

the water and sludge they collect to another company in a different region for 

treatment, than to treat it themselves locally. Varying requirements also lead to more 

emissions in certain regions with less strict requirements, which harm the 

environment and may be an obstacle for sustainable development.  
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4.6. Suggestions for dealing with the barriers 

The barriers that have been presented in this chapter could be removed, or at least 

lessened, by taking some actions. The barriers are that there is a need to have access 

to large financial resources and a favourable location, as well as that the water and 

sludge containing oil show large variations in their composition. Also the 

requirements on the treatment in the environmental permit differ according to 

county. Some challenges also consist of that the market is relatively new and 

developing. One of the main issues is that research has to be conducted on how to 

implement small-scale and less investment-heavy methods, which can be performed 

without access to a large market or resources. If local methods can be implemented in 

all of Sweden, competitiveness could be improved with many different companies 

instead of a few dominating ones. Considerations have to be taken when giving out 

environmental permits for waste-handling companies, so that no company will have 

an advantage based on in which region they are located. Stricter requirements in one 

region may in extension lead to that water and sludge containing oil is transported 

over large distances, instead of conducting local treatment. However, care has to be 

taken so that this action does not lead to worse environmental performance in total.  

Rather the potential environmental losses of transports have to be considered in the 

decision-process for the environmental requirements. Another necessary action is to 

increase the regulations and control of maintenance and use of oil separators. The 

bad practices in regards to both oil separators and transportation of water and sludge 

containing oil could be helped with proper information and education, so that the 

properties of water and sludge containing oil vary less, making them easier to treat. 

5. Conventional treatment methods in Sweden 

This chapter will present the results from the interviews and literature study about 

what methods are currently used in Sweden to treat water and sludge containing oil. 

Since the amount of answers received was low and the information available to the 

public is lacking, only the methods themselves will be briefly presented, not how 

many actors there are using a certain method or where they are exactly located. 

Generally, however, most of them are located in the south where the industrial 

centres are. None of these methods are novel or lesser known, much has been written 

about them elsewhere. 
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5.1. Methods for treating water containing oil in Sweden 

These are the methods used in Sweden for treating the water containing oil. Which 

method that will be used is largely dependent on how polluted the wastewater is. 

More polluted water requires a more expensive treatment method. The methods 

often exist in the same process or facility; if one treatment method is not enough the 

wastewater continues to the next treatment step: 

 Membrane filtration; such as ultrafiltration and reverse osmosis where 

suspended solids and larger molecules are separated. The methods are 

relatively simple, but the membranes foul or become damaged easily, which 

may result in unplanned stops and costs (Kurniawan, et al., 2006).  

 Evaporation; to remove the contaminants by raising the temperature of the 

water to vapour. Being energy-demanding, this is an expensive but effective 

treatment method that can be used for very contaminated water, e.g. from oil 

recycling (personal communication with M. Jönssön, February 17th, 2015).  

 Ion exchange; used to remove heavy metals from the wastewater. In short, the 

wastewater is pumped through a filter mass which attracts the charged heavy 

metals rather than oppositely charged particles. This process allows for 

concentration and recovery of heavy metals. However, one limitation is that 

prior to this i.e. solids has to be removed from the wastewater (Kurniawan, et 

al., 2006). 

5.2. Methods for treating and using sludge containing oil in Sweden 

These are the methods used for treating the sludge containing oil. The methods are 

often combined, since one method may not be enough and have to be done before 

another one. They differ from the methods used for the wastewater, since it is often 

necessary to find an end-use for the treated sludge, instead of just discharging it to a 

recipient: 

 Dewatering, which technically can be done in different ways, e.g. different 

centrifuges (interview with T. Björkgren, February 26th 2015) or chamber filter 

compressor (Klemmensen, et al., 2007) 

 Incineration, which requires more extensive dewatering but reduces the 

volume greatly and thus also the cost (interview with T. Björkgren, February 

26th 2015) 

 Mixing with polluted soil or other media with similar properties, after which 

it is treated by another method 

 Composting and other biological methods. These can also be done together 

with other polluted media such as excavated soil, and a material that gives 
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structure such as horse manure or woodcuttings. The mix is laid out, provided 

with bacteria and nutrition, and aerated (SÖRAB, 2008). The disadvantage of 

this is that the volume is not reduced, which is why some companies have 

moved to other methods (interview with T. Björkgren, February 26th 2015). 

After the treatment, an end-use has to be found for the treated sludge, which 

differs depending on what treatment method has been used, what levels of 

pollution are left and what possibilities are locally available. These can typically 

be to cover a landfill, or use in the construction of a road. 

6. Selected methods for a more sustainable treatment 

In this section, three different, alternative methods for treating water and sludge 

containing oil are presented. They are the results from the evaluation based on the 

sustainability criteria in section 3.2; these three methods are the most suitable for 

further evaluation. The methods have different approaches to the problem. The first, 

mycoremediation, is based upon utilizing and combining waste streams and thus 

trying to create an industrial symbiosis (Kulshreshtha, et al., 2014). The second, 

phytoremediation, is based upon achieving a remediation by introducing and 

growing biological organisms specifically for the remediation and afterwards trying 

to create a use for the by-product (Mirck, et al., 2005). The third, electrocoagulation, is 

a strictly technological approach, using renewable and sustainable energy that can be 

in operation off the electrical grid (Sharmaab, et al., 2011).  

6.1. Mycoremediation 

It is possible to utilize different waste flows stemming from both the urban and 

agricultural environment to achieve a local and resource efficient treatment of water 

and sludge containing oil. By taking one waste product, in this case waste from 

mushroom cultivation, and filtering out or degrading the contaminants in the water 

an industrial symbiosis can be established, which benefits one or more of the actors. 

These actors, being separate companies, cooperate in regard to these products but 

continue being independent. Industrial symbiosis takes inspiration from ecosystems, 

where the waste or by-product of one activity is used in another. This minimizes the 

need to extract natural resources and is more energy-efficient (Costa, et al., 2010). 

Especially biomass from agricultural waste products can prove useful in treatment of 

the contaminated water. However, little applicable research about using biomass in 

this way has been found applying to Swedish conditions. On the other hand, several 

studies have been conducted in warmer climates. The applications are both as bio 
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sorbents and as mediums or substrates for degrading organisms. One of these types 

of biomass is fungi (Lesmanaa, et al., 2009).  

Mycoremediation is a bioremediation method where fungi are applied. The 

degradation of the pollutants is done by enzymatic processes of the fungi, where 

extracellular enzymes can degrade complex molecules into less harmful substances 

or achieve complete mineralization into simple molecules such as carbon dioxide 

(CO2) and water (H2O). Fungi can also adsorb inorganic pollutants from the polluted 

medium (Kulshreshtha, et al., 2014). These methods have mostly been used on soils, 

especially where the bioavailability of the contaminants are low. Normally, light oil 

products such as petroleum and diesel can be degraded by microorganisms such as 

indigenous bacterial populations. However, heavier oil products such as mineral oils 

prove a challenge, since their bioavailability is low and their structure is complex. In 

soils polluted with heavy oil products where bioremediation with bacterial 

populations have been performed, the simpler molecules have been successfully 

degraded. However, the level of total petroleum hydrocarbons (TPH) can remain 

high since the molecules with higher molecular weight are unaffected by the 

degrading microorganisms. This can mean that the pollution level is still too high to 

be legally satisfactory. Molecules with high resistance to biodegradation are typically 

branched and cyclic aliphatic and aromatic hydrocarbons, while e.g. alkenes are 

more available to degradation (Lladó, et al., 2012). There are several strategies that 

have been tested to improve the bacterial degradation of heavy oil. By adding 

amendments such as organic material that is readily degradable, the growth of 

microbial populations can be stimulated and improve the degradation. Materials for 

amendments that have been tested are e.g. hay, activated sludge or manure (Lee, et 

al., 2008). In a study it was found that the white-rot fungi species Trametes versicolor 

could achieve a much higher degradation of molecules with higher weight than 

microbial populations alone. It was however found that the mycoremediation was 

assisted by bacterial populations. Fungi have the ability to degrade heavier and more 

complex molecules into lower weight molecules that are available to other 

microorganisms such as bacteria. It was found that mycoremediation is an effective 

strategy where a pollution of both polycyclic aromatic hydrocarbons (PAH) and 

heavy mineral oil exists (Lladó, et al., 2012). Since the water and sludge containing oil 

that is dealt with in this study are complex and varying in feature (see section 3.3), it 

is reasonable to expect them to contain oil products that are not available to only 

bacterial populations. Mycoremediation on the other hand is more capable of 

handling polluting molecules of different complexity and molecular weight. 
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Fungi are in other words able to degrade complex petroleum products, but little 

information is available about the ability of remediating fungi to grow in liquid. In 

one study by Valentin et al. (2013) it was found that some of the fungal species could 

grow very well in liquid, and for example degrade non-chlorinated phenols close to 

100%. The study dealt with degradation of pollutants existing in an old sawmill area, 

such as chlorinated phenols, dioxins and furans. In the study it was also found that 

straw provides a good substrate for fungal growth. The study dealt with both litter- 

and wood-decaying fungi. 

A common mushroom cultivation waste is spent oyster mushroom (Pleurotus 

ostreatus) substrate (Ayotamuno, et al., 2010). Cultivation of mushrooms for 

consumption, in particular oyster mushroom, is also common in all of Sweden 

(Svenska Svampodlarföreningen). Mushroom cultivation is growing in popularity, 

mostly because it is an affordable protein-source. The waste generated from the 

cultivation is largely unutilized today and becoming a problem for farmers in some 

countries. The disposal of it varies, and is dependent on what material the substrate 

is made from (Phan & Sabaratnam, 2012). In Sweden however, for oyster mushroom 

cultivation the material used is straw (Svenska Svampodlarföreningen).After 

harvesting the edible mushrooms, the spent substrate can be used to degrade 

different PAH-molecules, such as naphthalene, anthracene and fluorene. The 

particular study by Ayatamuno et al. (2010) was done in laboratory conditions, 

where polluted oil-based drill-cuttings (with a total PAH-concentration of 

approximately 800 mg/kg) were remediated with the spent oyster mushroom 

substrate. These drill-cuttings were mixed with fresh top-soil and watered regularly 

for 56 days at a temperature of 30 °C. The ratio of mixing was 2.0 kg drill cuttings, 0.5 

kg top-soil and 0.5–2.0 kg mushroom substrate (and a control with no substrate). The 

degradation of the different PAH-molecules varied, but after the duration of the 

experiment degradation of 80% to 92% of the PAH-molecules was observed, which 

demonstrated the ability of the oyster mushroom substrate to perform 

mycoremediation. It was considered by the authors that mycoremediation with spent 

oyster mushroom substrate is a cost- and energy-efficient method to treat oil-based 

drill-cuttings. This experiment was done as composting and not in liquid, but is 

applicable to the wastewater in this study. An environment that is not liquid can be 

achieved by watering the spent substrate with water and sludge containing oil 

instead of clean water. The setup that is explained in the next chapter would be 

filtering the wastewater, which will mean that the remediation would not occur in 

liquid but in spent substrate with high moisture content.  
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Some researchers consider that edible mushrooms can be cultivated and at the same 

time degrade industrial wastes, which would give a product and perform 

remediation. However, fungi can both degrade and take up the pollutant. If the 

pollutant is taken up and not degraded, the fruit bodies from the mushroom cannot 

be considered safe for consumption. Spent mushroom waste and mycelium can be 

made into bio sorbents for removing pollutants. The uptake of pollutants can be 

performed in two ways; bioaccumulation where the pollutant is metabolized by the 

fungi and biosorption where the pollutant is adsorbed without going through 

metabolism. Several different species of fungi have been proven to be able to adsorb 

or accumulate heavy metals from a contaminated medium (Kulshreshtha, et al., 

2014). Removing e.g. cadmium (Cd) and lead (Pb) from liquid has been successful in 

laboratory experiments. One of the main reasons for spent mushroom substrate 

being able to remove pollutants is the large specific area of the mycelium and 

substrate, which gives it a huge potential as bio sorbent (Chen, et al., 2005). 

Mycoremediation has a wide variety of possible applications. However, before 

performing mycoremediation a feasibility study has to be carried out. In such a study 

important parameters of the contaminated medium is considered, such as the 

occurrence of inhibitory substances and the biodegradability of the contaminant 

(Kulshreshtha, et al., 2014). No studies on mycoremediation of water and sludge 

containing oil could be found. However, considering the ability of fungi to degrade 

and take up many different contaminants the method seems promising and should 

be investigated. In such places where spent mushroom substrate is available, 

mycoremediation could be a local and waste-recycling way to remediate water and 

sludge containing oil. If waste, such as spent mushroom substrate, can be used to 

remediate contaminated water and sludge, an industrial symbiosis could be 

established. As previously mentioned, some researchers consider it possible to 

cultivate mushrooms for consumption and at the same perform remediation, but 

only if the contaminant is not taken up, which is the case for metals. The water and 

sludge that this study is dealing with contains both oil and metals (see section 3.3).  

6.2. Phytoremediation 

As was noted in the previous section about mycoremediation, the characteristics of 

the wastewater and sludge containing oil are problematic and complex, with the 

addition of also showing variations depending on the source. In this section the 

application of another field of bioremediation will be investigated, called 

phytoremediation. For the type of contaminants occurring in this wastewater it holds 

more potential than using bacterial populations alone. The motivation for the focus 
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of this section is to utilize a setup which takes inspiration from an ecosystem and 

remediates the water and sludge by growing plants. At the same time, there are some 

possibilities to put the waste to use afterwards. However, no studies could be found 

where phytoremediation had been applied to this kind of wastewater.  

Phytoremediation in general aims to grow plants for remediation purposes. Different 

plants can be used for different purposes, since they react in a certain way when 

coming into contact with certain pollution. The remediation function can be to 

remove, degrade or stabilize the pollutant by managing the vegetation system. 

Heavy metals, PAH-molecules and other contaminants such as radionuclides and 

pesticides have been remediated from different mediums through phytoremediation. 

The organic carbon in the pollutant is degraded and metabolized, but especially 

pollutants containing macronutrients such as nitrogen (N), phosphorous (P) and 

potassium (K) can be effectively remediated, since they contribute to the growth of 

plant biomass. Other pollutants can also be taken up, but then the effect on the plant 

varies. Some concentrations or substances can harm the plant, which is why great 

considerations about phytoremediation and which plant to use have to be taken 

before starting a phytoremediation project (Mirck, et al., 2005). 

There are different types of phytoremediation, depending on the pollutant and how 

the plant reacts to it. If the pollutant is organic, then it is removed or degraded 

through phytodegradation (broken down through the metabolism by enzymes of the 

plant), rhizodegradation (as phytodegradation, but slower and mainly done by 

microbial populations enhanced by the root system of the plant), or 

phytovolatilisation (taken up and then transpiration of some of the contaminant to 

the air through the leaves of the plant). If the pollutant is inorganic, then it is 

removed or stabilized through phytostabilisation (immobilized in the soil or 

groundwater by the plant roots), phytoextraction (taken up and stored in parts of the 

plants, which is then harvested), or rhizofiltration (as phytoextraction, but mainly for 

polluted water where plants first are grown with the roots in clean water, which then 

is replaced with polluted water, which is filtered by the roots). The terms with 

“phyto” indicate that the function of the whole plant is participating in the 

remediation, while “rhizo” indicates that remediation is mainly done in the root 

system (rhizosphere). In practice it can be difficult to separate these functions and to 

say exactly what the mechanisms for remediation are. Several of them can also take 

place at the same time if several pollutants exist. The remediation can take place at 

the site itself without removal of the polluted medium (in situ), or the polluted 
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medium is transported to another location for remediation (ex situ) (Mirck, et al., 

2005). 

One of the biggest advantages of phytoremediation, in relation to this study, is that it 

can both degrade the total petroleum hydrocarbons and at the same time accumulate 

the heavy metals in the contaminated water and sludge. Other general advantages 

over physicochemical methods are that it is considered to be a more environmentally 

friendly method, safe and cost-effective (Nanekar, et al., 2015). Wetland plants, such 

as reeds (Phragmites) or cattail (Typhas, such as Typha angustifolia), have the potential 

to accumulate heavy metals from industrial wastewaters. Such plants can be planted 

in a constructed wetland for remediation of wastewater. The constructed wetland 

functions as an ecosystem, but the uptake of heavy metals will affect the plant 

growth. Depending on the plant, the metals will accumulate in either the roots or the 

shoots. The previously mentioned wetland species have been found to accumulate 

metals such as manganese (Mn), zinc (Zn) and lead (Pb) (Chandra & Yadav, 2011).   

There are several positive experiences from applications of phytoremediation in 

Sweden. One promising method is to combine the biomass production potential of 

short-rotation willow (Salix) coppice for energy purposes and environmental 

remediation. The application of willow has been found to be successful in all of 

Sweden, even in the very north. However, in the north of Sweden the growing 

season is short (approximately 120 days), which leads to less potential for producing 

a sufficient amount of biomass for energy purposes and a longer remediation time. 

The advantage of willow species for energy production is that it is fast-growing and 

suited to the climate, which fits well with the phytoremediation. A plant that is 

producing more biomass also takes up more contaminants in the process. If energy 

production is one of the main goals, then contaminants stemming from agriculture 

are more suited, since they will contain nutrients contributing to growth. Combining 

energy production and phytoremediation has been successfully and commercially 

done in e.g. Enköping, eastern Sweden. Willow has also been applied to leachate 

from landfills, contaminated water from landfills, wastewater sludge and water 

containing heavy metals. Either the plants have been planted directly onto the 

polluted medium, or the polluted water and sludge have been pumped and irrigated 

with farming equipment (Mirck, et al., 2005). Willows have also been proven to be 

able to degrade mineral oil in polluted soils and at the same time moderately 

accumulate heavy metals such as Cd, Zn and Pb in their biomass. The success of 

uptake and degradation is dependent on the species of willow. During a field trial 

lasting 1.5 years, 57% of the mineral oil (heavy oil, low bioavailability) was degraded 
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by willow but showed no degradation of total PAH-molecules. However, different 

species of poplar has been shown to be successful in degrading petroleum products, 

not only in soils but also in hydroponic systems (Vervaeke, et al., 2003). If willow 

would be able to remediate the complex and varying pollutants in water and sludge 

containing oil remains unanswered.  

Investigations have been done to investigate if it is possible to remediate sites 

polluted with oil from the petroleum industry. Fewer have been done directly to 

remediate the wastewater or sludge itself, before a contamination has happened. It is 

possible to grow plants for phytoremediation directly in the sludge, but if the 

percentage of oil and grease is high it may inhibit growth of the plant, in which case 

some sort of pre-treatment is needed. It is worth noting that the oily sludge from the 

petroleum industry is not the same as the sludge that this thesis is dealing with. 

However, they have several features in common, such as being composed mainly of 

water, petroleum hydrocarbons and inorganics, and that they can both vary 

considerably in composition depending on several factors. One study successfully 

removed 34% of the oil and grease from the oily sludge by growing soybean on it for 

120 days. The added benefit of this is the possibility to produce biodiesel from the 

plants. The authors point out that in this case the cultivation for energy production 

would not rival food production, since it is grown for phytoremediation (Liu, et al., 

2010). Soybeans are not grown in Sweden, but this points out yet another interesting 

possibility of combining phytoremediation with energy production, making it more 

efficient and sustainable.  

How to select a suitable plant species to perform phytoremediation can be done in 

several ways, but no method can guarantee success prior to actually testing the plant 

under the specific conditions. This selection is further complicated by the fact that 

remediation times can often be long. However, because the main mechanism of 

phytoremediation of petroleum products is degradation in the rhizosphere, the most 

important factor is development and growth of the root system. This, and other 

factors, gives species of grass and legume a believed advantage when selecting a 

suitable remediating species for polluted soils. For example ryegrass was found to 

hold potential in a Russian study (Muratova, et al., 2008). Other required features of a 

plant for this remediation purpose in this thesis are tolerance to all occurring 

petroleum hydrocarbons, tolerance and ability to accumulate heavy metals, suited to 

the climate, fast growth and a large and dense root system (Nanekar, et al., 2015). 

Hydroponic systems and wetlands have been constructed for successful 
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phytoremediation, but not for the water and sludge containing oil that is investigated 

in this study.  

6.3. Electrocoagulation 

The previously mentioned methods are utilizing organisms to achieve remediation. 

The motivation for the following treatment method is that it is a technical approach 

that has potential for both local application and to be powered by renewable energy. 

Electrocoagulation (EC) is an electrochemical method which has had a wide variance 

of application for industrial wastewater and potable water. Examples of applications 

are urban wastewater and sewage, textile wastewater and landfill leachate. It has also 

proved successful in the chemical polishing industry, where the content of 

suspended solids, turbidity, copper and chemical oxygen demand (COD) was high  

(Chen & Sheng, 2004). The processes which are applied in EC to achieve treatment 

are several and their interdependence is complex, depending also on what the 

contaminants are (Sharmaab, et al., 2011). Process parameters have to be optimized 

according to the contents (Sharmaab, et al., 2011). The removal processes at work in 

EC include coagulation, floatation, adsorption and precipitation (Sharmaab, et al., 

2011). 

In short, EC is based upon that the contaminants in water are in the form of colloids, 

suspensions and emulsions, which are dependent on their electrical charge to be kept 

in the liquid. By applying electrical charges to the liquid and the charged particles, 

the charges of the contaminants can be neutralized, after which they form 

agglomerates which can be removed from the liquid. The charge is supplied via 

direct current through an electrode of either iron (Fe) or aluminium (Al), which acts 

as a sacrificial anode in the oxidation that takes place. The polarity of the reactor and 

the electrode can be reversed, but is for most applications less energy efficient 

(Öğütveren & Koparal, 1997). 

The method is applicable for oil emulsions in water. Here, the emulsions are both 

destabilized by the oxidation and the emulsion-charge is neutralized, allowing for 

removal by sorption or in microflocs. In the case of water containing oil, it has been 

found out that an electrode of Al serves a better purpose, since it is more efficient 

regarding both time and energy. A Fe reactor may also need a supporting electrolyte, 

e.g. ferric sulphate, to increase the conductivity of the solution to increase efficiency. 

In experiments it has been shown that 100% removal rate of oil can be achieved 

(Öğütveren & Koparal, 1997). As time passes in the reaction, the floc sizes increase. 

The smaller flocs float due to hydrogen gas bubbles created in the reaction at the 
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anode. Once the flocs become larger and denser, they settle to the bottom (Sangal, et 

al., 2013). 

In one study it was found that for oil removal (a cutting oil in emulsion) the optimal 

conditions were pH near 6.5 and a current of 3.50 A with a current density of 138.8 

A/m2to a 4 plate electrode system in parallel. For this oil-emulsion, it was also found 

that the emulsion was at its strongest at 40 °C. This meant that EC should take place 

either above or below this temperature (Sangal, et al., 2013). However, this study 

regards only one type of oily wastewater, and does not necessarily apply to other 

wastewaters containing oil. 

EC cannot only remove the oil in water; it can also remove the heavy metal 

contaminants. These may have multiple origins and vary heavily in composition (see 

table 1, section 3.3.). As with removing oil through EC, it is considered that using Al 

for the electrolyte is more efficient than using Fe. It is considered that the heavy 

metals are removed at the cathode surface through reduction where they form 

hydroxides and precipitate with the aluminium hydroxides from the electrolyte. The 

rate of removal is different depending on the heavy metal, where e.g. removal of Cu 

and Zn is faster than Mn. It has been found that coagulation of heavy metals in the 

form of EC is much faster than chemical coagulation, where chemicals are added and 

more time is needed. Through EC, no chemicals are needed and almost complete 

removal can be achieved in 5-15 minutes (Bassam, et al., 2012). 

For the wastewater that this study is concerning, it means that the oil and heavy 

metals can be removed and added to the dewatered sludge part. There are successful 

commercial applications of this, e.g. the ElectroPulse system by OilTrap 

Environmental (Figure 3). According to the producer, the facility can in one step 

remove heavy metals, suspended solids, and emulsified oil, with different sizes on 

the system ranging from approximately 20 to 1000 litres per minute.  
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Figure 3. Example of an electrocoagulation system by OilTrap Environmental Products 

(OilTrap Environmental). 

The advantages of EC are several. It requires no chemical pretesting, takes up 

relatively little space and in comparison to chemical methods produces less sludge 

and needs no chemical adjusting (e.g. pH level) (Öğütveren & Koparal, 1997). It is 

considered that EC has a simple design and operation, making it especially 

promising for smaller and more decentralized wastewater treatment facilities 

(Sharmaab, et al., 2011). It is also considered that EC is a cheap and work-safe 

method that can be largely automatized. In comparison to biological methods, the 

reactions are rapid and controlled (Bassam, et al., 2012).  The relatively small size of a 

treatment system means that it can often be easily installed or even moved from one 

site to another in a shipping container (Figure 4). In comparison to mechanical 

filtration, electrocoagulation deals with any size of suspended solids and heavy 

metals. Filtration is limited to larger suspended solids (depending on filter size) and 

free oil and grease, not emulsified. No damages will occur to filters either, meaning 

less maintenance (OilTrap Environmental). 
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Figure 4. Electrocoagulation system installed in a shipping container (OilTrap 

Environmental). 

It is possible to combine EC with a photovoltaic (PV) panel, called solar powered 

electrocoagulation (SPEC). It has been shown that where enough solar energy is 

available, it is possible to power EC to treat water. It is possible to do so either 

directly with power from the PV panels, or to have a battery and charge controller. 

By using a battery and charge controller, it is possible to optimize the power 

supplied to ensure sufficient treatment and store power for when it is needed. The 

advantages of PV in regard to decentralized water treatment are several. EC can be 

well-adjusted to different loads of wastewater, which combines well with the 

modularity of PV, where additional panels can easily be added or removed to match 

the load. By using batteries in combination with PV, power can be stored when the 

sun shines and later be used when it is needed. Since EC is a batch-process, it can be 

done when there is a need for treatment, and does not need to be a continuous 

process. PV, as EC, has a low maintenance level, with no moving parts and long life 

(Sharmaab, et al., 2011). By using PV as a primary or additional source of power for 

EC it is possible to better achieve a more sustainable treatment of water, since 

renewable energy is used. The advantages of PV panels combined with EC are well 

suited for a local treatment of water, where the loads of wastewater can vary and 

maintenance can be a considerable factor. 
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7. Evaluation of selected methods through case study 

In this chapter the methods presented in the previous chapter are further evaluated 

with the case study. Based on information available in literature and calculations a 

preliminary evaluation has been done, stating if the specific method could be 

expected to be suitable for the company that acts as a case. No actual experiments 

have been conducted, rather it indicates if further studies should be done. 

7.1. Suitability of mycoremediation in case study 

In the previous chapter it was shown that fungi have a vast application for 

remediating different pollutants, since they can be used both to degrade and 

accumulate substances. However, no studies could be found where mycoremediation 

had been applied in this context. The suitability of this method for remediating water 

and sludge containing oil is dependent on a couple of factors: Ability to degrade the 

hydrocarbons, ability to adsorb or accumulate inorganic pollutants, local availability 

of fungi (spent mushroom substrate) and the rate of remediation. If the time for 

remediation is longer, then more substrate and space is needed, which the company 

cannot be expected to have access to. 

Oyster mushroom cultivation has been carried out in Jämtland, Sweden, which 

would provide local spent substrate that in the previous chapter was shown to be 

applicable to many different pollutants. However, at the time of writing the 

cultivation is on hold, but there are some plans to continue in the future (personal 

communication with I. D’Amario, March 13th, 2015). The second closest source for 

spent substrate or mycelium would be Sundsvall, Sweden, where a company 

provides material and information for starting cultivations (Tynderö Kryddbod). It 

can be argued that transporting substrate or material from Sundsvall is no longer 

local (190 km distance to Östersund and in another county). The company does have 

transports between the cities and it would be possible to combine these with 

transporting mushroom substrate, without the need for extra transportation 

(personal communication with L. Lundstam, March 19th, 2015). As was argued in the 

article by Kulshreshtha et al. (2014) it is possible to cultivate mushrooms both as a 

food product and to conduct remediation of industrial waste. However, since the 

water containing oil is also containing heavy metals (see section 3.3.), the application 

would have to just use the spent mushroom substrate and not remediate and 

produce food in the same process.  
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Biofilters are a proven technique in wastewater treatment. A biofilter can be defined 

as a filter-media that has biomass. In wastewater treatment a trickling filter is most 

common. The advantages of trickling filters are several; they are relatively simple 

and reliable, suitable for small and medium sized loadings, suitable for treating high 

levels of organics and are energy-efficient. Disadvantages are that trickling filters 

require regular control from the operator and clogging of filter media is common 

(United States Environmental Protection Agency, 2000).  The efficiency of the 

biofilter depends on several factors, but perhaps mostly on the characteristics of the 

filter media and the growth and maintenance of microorganisms in the filter media 

(Chaudhary, et al., 2003). The discarded bales of hay from mushroom cultivation are 

full of living fungi, which would degrade the organic material. The mycelium in 

them will form a filter that adsorbs, takes up or mechanically filters out the inorganic 

pollutants, as was described in the previous chapter. In practice there are several 

possible ways to conduct the remediation with spent mushroom substrate. Since the 

method has not been applied to water and sludge containing oil, there is no proven 

optimal solution. One way to conduct the treatment is to construct a column biofilter 

with a cartridge system, where the water containing oil would trickle over the bales 

and filter through spent mushroom substrate. If the bales are round, the design could 

easily be done by using silos or drums from agriculture. But the mushroom substrate 

is often in the form of rectangular-shaped bales of hay for cultivation (Figure 5), 

making handling of the substrate practical.  

 

Figure 5. Oyster mushroom growing in a bale of hay. The mycelium has grown completely 

through the bale, but no fruit bodies have been produced (Fungigården). 
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By using a similar model as biofiltering units, a cartridge could be constructed to put 

the bales in, with a grating underneath for support and preventing any of the 

substrate to be washed away. Several of these cartridges are then stacked upon each 

other. From a tank with an outlet above the bales the wastewater will be sprayed or 

dropped from nozzles and then trickle through the bales by gravitational force.  The 

unit would be closed during operation, with a door or side wall that can be removed 

when a bale is full or deteriorated and needs to be changed. The filter-media would 

in other words not be washed, but changed and disposed of. Air would be supplied 

from underneath to prevent an anaerobic environment and then lead to a biofilter at 

the top, filtering out potential volatile organic compounds (VOCs). This system 

would be adaptable, allowing for easy control by adjusting the flow from the tank 

and how many bales are in use. If the water is more polluted, it could be pumped 

back to the tank for circulation. These biofilters could in theory filter out the heavy 

metals and degrade the oil. The size of the system would largely depend on what 

size the particular bales are. A simple conceptual 3D-model (Figure 6) was designed 

to illustrate this setup for mycoremediation. It is however not to scale, since the size 

of the system would depend on the size of the bales from food production. Since this 

setup has not been tested, a pilot-scale model would need to be constructed. 

 

Figure 6.A simple 3D-model showing the empty cartridges in the unit, bale of hay in a 

cartridge and a storage tank, from where the water would trickle down over the bales. 

It can be assumed that the water and sludge being collected by the company is 

spread out evenly throughout the year, but the volume of water and sludge 

containing oil delivered at a time is varying. There are collection tanks already in use, 
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where the water containing oil is stored before being transported for treatment. 

During local treatment the flow would have to be at least 2000 m3/year, or 0.27 m3/h if 

allowing for a total of 60 days per year for maintenance. If it is to be in operation only 

during work hours it becomes higher. It is difficult to predict the hydraulic retention 

time, the rate at which the water containing oil would pass through the bales of hay. 

This is needed to estimate what area of biofilter would be needed. This is further 

complicated by not knowing if the water needs to be circulated, but that can be 

helped by stacking more bales on top of each other, allowing for more water to be in 

process at one time. However, results from studies by Chaudhary et al. (2003) 

indicate that biofilters perform best when the flow is close to steady-state and kept at 

the rate at which the microorganisms were acclimatized to.  

According to Haan, Barfield and Hayes (1994, p. 379) the flow rate through a bale of 

straw is 5.6 gpm/ft2, or 13.7 m3/h/m2. This value was in the context of stormwater 

washing an amount of sediment away, forming a slurry. The bales are constructed as 

a barrier; letting the water pass through and the sediment not being flushed away. 

The slope where the bales are forming a barrier is not given. The value for the flow 

rate through a bale is horizontal, not vertical as this filtration would be. This value is 

for regular bales and it can be assumed that the bales used for mushroom cultivation 

would have a much lower flow through rate, since they are full of mycelium, which 

acts as a very fine filter. This value is however the most applicable that could be 

found in literature. It shows that the constraint should not be that a large filter area of 

bales would be needed. The flow through rate however needs to be determined on 

the bales of hay that has been used for mushroom cultivation.  

The wastewater containing oil needs to be evenly distributed over the bales of hay to 

ensure proper function, otherwise dry zones may occur. This is best achieved by 

small nozzles that either rotate or are able to spray the whole filter area (depending 

on the size of the bale of hay), called a rotary distributor. A part of the wastewater is 

recirculated, either to ensure a steady flow rate to even out variations in the 

availability of wastewater, to treat the wastewater more or to combat some 

disruption in the system such as a blockage. However, trickling filter mechanics are 

not fully understood, there is a lack of models that can effectively be used to design 

and mathematically describe the mechanics. This has led to that the design, 

maintenance and operation of trickling filters is based on empirical experimentation 

(Daigger & Boltz, 2011). However, since spent mushroom cultivation waste has not 

been used in this way, an even more empirical approach has to be taken.  
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After a bale has become full of sediment, or lost its quality and begin to deteriorate, it 

has to be changed. This could for example be done by a forklift truck or front loader 

that removes the cartridge and tips the bale into a container, puts a new bale into the 

cartridge and loads it back into the stack. The used bale contains the heavy metals 

from the wastewater, which makes disposal less easy. Depending on the 

concentration, it could become classified as hazardous waste. However, in the 

vicinity of the company in the case study there is a biofuel plant, mostly focusing on 

peat and waste from forestry and wood products. They have also incinerated 

building waste and wood with preservatives. The company that owns the biofuel 

plant states they shall participate in the development of closed loop-solutions and 

cooperate with others in a sustainable development (Jämtkraft, 2014). The fuels used 

in by the bioenergy company all contain heavy metals to different extents (Energy 

Research Centre of the Netherlands) and if the concentration in the used bales is not 

too high, they could be incinerated for energy. Disposing of the bales in this way 

would be both energy recycling and local. Incinerating spent mushroom waste for 

energy has already been proposed by Kulshreshtha et al. (2014) as a way of dealing 

with the waste. Conceptual flows of the current situation and the proposed industrial 

symbiosis-situation is shown in Figure 7. 

 

Figure 7.Two simple systems, showing the current situation (left) where actors are not 

cooperating, and the proposed system, where in industrial symbiosis (right) the recycling 

company treats the collected wastewater with the spent mushroom waste by mycoremediation. 

When the mushroom waste in the treatment needs to be changed it is recycled as energy. 
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7.2. Suitability of phytoremediation in case study 

Based on section 6.2 it is clear that phytoremediation has been used in many cases of 

soil and water pollution. It seems however that it has not been used in this context, 

where it is applied in a treatment process without a polluting incident taking place. 

Of the different types of phytoremediation, rhizofiltration and rhizodegradation 

seems to be the applicable methods for water and sludge containing oil, since it is a 

liquid. This could either be as a hydroponic system or a constructed wetland. 

However, estimating the success and remediation time is difficult, since the 

wastewater is complex and varying. As with mycoremediation in the previous 

section, the method has to be able to both degrade and accumulate pollutants at an 

acceptable rate.  

Wetlands are known to be one of the most productive ecosystems on earth, which 

holds great potential for phytoremediation. Trying to mimic these functions, mainly 

photosynthesis, in a constructed wetland could be an economical way to treat the 

wastewater containing oil. However, the constructed ecosystem cannot be left 

unattended; the plants need to be harvested regularly when they have accumulated 

enough pollutants. Since the hyperaccumulation of heavy metals is dependent on 

root growth, it is important to remove the whole plant to prevent the pollutant to be 

cycled back into the remediating zone. This even presents an opportunity for 

“pytomining”, which is recycling the metals with the use of plants (Williams, 2010). 

However, a constructed wetland is dependent on sunlight and other features of open 

nature to function as a natural ecosystem. Pumping out such a large volume of water 

containing oil and heavy metals in an open area carries a too large risk for living 

organisms coming into contact with it. For example, composting of sludge containing 

oil in one Swedish company must take place indoors (Klemmensen, et al., 2007). 

Especially the heavy metals can accumulate in the food chain and potential VOCs 

dissipate into the air. This means that the remediation would have to take place 

inside and in a hydroponic system for it to be considered safe. 

The first step when considering phytoremediation is to check the toxicity; are the 

levels of contaminants in the water containing oil too high for plants to survive in? 

Most of the research about the remediating properties and phytotoxicity are not 

applicable to the water containing oil, since the focus has been on soil pollution. 

However, some studies have been done where plants have been grown 

hydroponically in solutions with different concentrations of pollutants. As was 

described in the previous chapter, willow species have shown great potential for 

phytoremediation, mainly because of their high biomass production and tolerance to 
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a wide range of pollutants. However, the attractive properties vary among variations 

of the species, which is why a screening phase is important. Wang et al. (2014) 

showed that different variations of species of willows had the ability to accumulate 

and transport different concentrations of Pb in a hydroponic system. Pb accumulates 

in roots, the highest recorded concentration in the roots was approximately 24,600 

mg/kg during the 14 days long experiment. The solution that was used differed in 

concentration, but the highest was 40 mg/l, which was replaced every two days. The 

plant growth was negatively affected, such as blackened roots and reduced shoot 

growth (Figure 8), but the plants survived and were functioning. This tolerance and 

hyperaccumulation shows great potential for water containing oil. However, in a 

study by Mleczek et al. (2009) it was found that a willow species (Salix viminalis) had 

a lower limit for accumulation. Solutions containing 0.1–1.5 mmol of each of the 

heavy metals Cd, Co, Cr, Cu, Pb and Zn were added to a 1 litre nutrient solution and 

administered to a hydroponic system. It was found that no additional accumulation 

took place above 1.0 mmol/l solution, which indicated a limit for accumulation or 

defence mechanism. Above 1.5 mmol of heavy metals the plants started to wither 

and die off. For example, 1.5 mmol/l Cr is 78 mg/l and 1.5 mmol/l Ni is 88 mg/l. This 

means that the levels of heavy metals in the water containing oil in the case study 

would be toxic to the plants. Their limit for accumulation would mean that an 

unreasonable amount of plants will be needed, too many to be efficient. In addition, 

it was found that 2- and 3-year old plants were more effective for remediation than 

younger plants. The older plants were more adaptable and stress-resistant, making it 

more difficult to apply to local remediation. If the treatment of water containing oil 

shall be as local and sustainable as possible, it is crucial that the plants can be 

cultivated locally and by the actor themselves. In such cases, having a plantation and 

waiting for 2 or 3 years is unsuitable.  
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Figure 8. Growth development of variations of willow in different solutions with Pb after 14 

days. Control is also shown (Wang et al., 2014). 

7.3. Suitability of electrocoagulation in case study 

In the previous chapter it was shown that EC is a treatment method for polluted 

water with a vast potential for different applications. It also appears to be suitable for 

small-scale and remote treatment that can be constructed for having the possibility to 

move it from one location to another. It is also possible to power it with PV-panels 

only or as an additional power source.  

It was shown in section 6.3 that EC has the possibility to remove the contaminants 

occurring in the water containing oil, e.g. emulsified oil and heavy metals. What level 

of pollution it can remove seems to be a matter of processing time in the EC system. 

More contaminated water would require longer treatment time to reach legally 

accepted standards for discharge, either to a local recipient or to the wastewater 

treatment plant of the municipality. However, EC seems to be able to treat 

wastewater relatively fast. In Figure 9 it is shown in a demonstration how water that 

is containing ink is being clarified after being subject to electrocoagulation. The water 

is clear after one minute.  
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Figure 9.Wastewater with ink that has been subject to EC. After one minute the contaminants 

have flocculated on the surface (OilTrap Environmental). 

The same holds for EC as the previous two methods, the method should be able to 

treat 2000 m3/y wastewater or 0.27 m3/h, allowing for maintenance. As was pointed 

out in the previous chapter, the method can be largely automated, allowing it to be in 

operation regardless of working hours. For comparison, this condition would be 

satisfied by a large margin by the smallest model of EC unit from Oil Trap. The cost 

example they give for their models is that the treatment cost is typically less than 6.85 

SEK/m3 (OilTrap Environmental). It is however important to keep in mind that this is 

not an independent source, but rather a selling point. It is a relatively simple process 

that could be constructed and tailored for this exact wastewater. In an article where a 

heavy metal contaminated water was treated with EC in laboratory, the treatment 

cost was calculated to 3.43€/m3 treated water. The cost however was only based on 

the current electricity price in Turkey (Bassam, et al., 2012). 

As was described in the previous chapter, EC can be solar-powered. The company in 

the case study also has existing plans for installing PV-panels (personal 

communication, L. Lundstam, March 19th,, 2015). However, the available solar energy 

varies heavily throughout the year. In Östersund, Sweden, where the company is 

located, the solar gain during December is 20 kWh/m2 and during June 170 kWh/m2 

(SMHI Open data). It also varies with location (Figure 10), with the south of Sweden 

receiving more. The location of the company annually receives 925 kWh/m2. 
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Figure 10. Map over the annual global solar radiation in Sweden, which shows that the south 

of Sweden receives more (SMHI, 2014). 

Predicting the energy consumption of the EC process is connected to uncertainty, as 

no studies could be found for the kind of wastewater this study deals with. It is 

further complicated by that the values for energy consumption in studies on EC for 

different kinds of pollutants varies heavily. The best estimation can be obtained by 

focusing on the relatively high value of COD in the wastewater containing oil and try 

to find a similar study that provides energy consumption. In a study where EC was 

applied to wastewater from olive oil production, the COD was 20 000 mg/l, phenols 

260 mg/l and pH of 4.2. 70% of the COD was removed at a specific energy 

consumption of 2.63 kWh/kg CODremoved (Hanafi, et al., 2010). Based on this, Table 

1and a COD removal of 90% the annual energy consumption would be 

approximately 93600 kWh. Another energy consumption value can be obtained by 

using a study where heavy metals were removed. These were Cu, Ni, Zn and Mn all 

with the concentration of 250 mg/l (considerably more than what has been observed 

for this wastewater containing oil). The heavy metals were removed at a total energy 

consumption of 49 kWh/m3 wastewater (Bassam, et al., 2012). This would for the 
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water containing oil give an energy consumption of 98000 kWh. Assuming that the 

region receives 925 kWh/m2of global solar radiation and that the efficiency of the PV 

panels and its electrical system is 13% under Swedish conditions (Department of 

Energy, 2014) the energy consumption values would require 778 m2 and 814 m2 

respectively of PV-panels to run completely on solar power. This is not reasonable to 

implement, which is why EC should use solar power only as an auxiliary energy 

source. However, these values for energy consumption are from laboratory 

experiments. They are also among the higher values reported and should represent a 

maximum requirement. Most of the values for energy consumption appearing in a 

review article are a factor 5-10 smaller, some even more, than those used here. The 

lower values are for lower levels of pollution or for other circumstances (Butler, et al., 

2011). It is however interesting for discussion, since if the energy consumption would 

be a factor 10-20 lower, then also the required area of PV panels will be a factor 10-20 

smaller, which would be more feasible. Another interesting concept is the constant 

development of more efficient and cheaper PV panels. The trend with more efficient 

and affordable solar energy has been ongoing and even conservative estimates show 

that solar power will continue to decrease in price (Fraunhofer ISE, 2015). This holds 

potential for application in the near future in local treatment of wastewater 

containing oil by EC, as even Sweden receives solar radiation that can be utilized to 

solve environmental issues. 

8. Discussion 

Based on interviews and research into law and policies, as well as ongoing industrial 

centralization, it is evident that there are considerable barriers for local treatment of 

water and sludge containing oil. This also leads to barriers for sustainable 

development in Sweden. If less fossil fuel consumption is to be achieved, the barriers 

for local treatment methods have to be removed. Most of these could be lessened or 

even removed by taking some actions, which were mentioned in section 4.6. How to 

remove them in detail however has to be investigated further. Especially the Swedish 

Environmental Protection Agency, which conducts research and publishes fact 

sheets, should make this a topic for research.  

Three treatment methods for water containing oil were selected based on an 

amalgamation of models and information found in literature. This was with a focus 

on sustainability and local treatment. The information in von Hauff & Wilderer 

(2008) added the industrial symbiosis, which was given much focus in this thesis. As 

the authors point out, social sustainability is given less weight than economic and 
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ecological, which is partly true in this evaluation as well. More focus on the social 

dimension of sustainability could have favoured another treatment method. 

Milutinovićet al. (2014) point this out and state that “the environmental, economic and 

social criteria are partially or completely conflicting” and that this fact makes the multi-

criteria decision analysis (MCDA) the right tool to select an appropriate waste 

treatment method. MCDA has the benefit that it can consider both quantitative and 

qualitative criteria when evaluating the sustainability of waste treatment. In this 

thesis the evaluation was strictly qualitative. This is due to the fact that there is not 

enough information available to conduct a quantitative evaluation. In the future it 

may be possible to perform a quantitative MCDA to select treatment methods for 

local treatment of water and sludge containing oil. More treatment methods can also 

be included when they are developed. The model developed by Milutinović et al. 

(2014) predicted that more criteria will be included with time, as it becomes more 

difficult to distinguish between scenarios. More criteria could have been considered 

in this thesis, but this might not have changed the outcome, since the methods had to 

be able to perform local treatment due to its importance for sustainability. Some of 

the conventional methods are not viable for local and small scale treatment. But the 

result could have looked different if more weight would have been put on job 

creation, instead of industrial symbiosis. 

Further research has to be conducted on applying the three investigated methods to 

the water containing oil under Swedish conditions. In addition, no literature could be 

found where the methods had been applied to treat a water and sludge containing oil 

with similar properties. It is however important to note that while these methods 

were evaluated with a real case, every case where local treatment of water and 

sludge containing oil could be implemented has to be considered individually. 

Important factors, such as access to spent mushroom substrate, differ depending on 

location. According to Sharmaab et al. (2011) treatment methods powered by PV-

panels have significance where solar energy is abundant throughout the year. In this 

thesis it is shown that it also could have potential in Sweden, where solar energy is 

sparse during some months. While a location such as Östersund, Sweden, also has 

potential for SPEC, the south of Sweden receives more global solar radiation, making 

PV-panels an even more suitable solution. Research has to be carried out for testing 

the suitability of SPEC under Swedish conditions, but it could prove that storage 

tanks have to be used during dark months like November and December. At the time 

of writing a research project concerning the potential of PV-panels in Östersund is 

going to be carried out (Lundmark, 2015), which is the location of the case study. 

This will provide more correct values for energy production and the necessary area 
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of PV-panels than what was calculated in this thesis. Especially the large variation in 

values for energy demand of EC in literature makes it difficult to estimate the 

suitability of PV-panels. It is also a gap in knowledge when not knowing the specific 

energy demand, creating uncertainty when considering treatment methods. There 

are uncertainties even when designing a trickling filter, which is a proven and 

effective wastewater treatment method, since the mechanics are not fully understood 

(Daigger & Boltz, 2011).  

Phytoremediation did not prove suitable in the case study, but could be in a different 

case. Mycoremediation and EC are able to treat the water containing oil based on the 

information available in literature. The disadvantage of EC in relation to the other 

two methods is that it does not actually degrade the organic contaminants; it only 

separates them from the media. The next step should be to evaluate the methods in 

small- or pilot-scale tests. No applicable novel method for treating the sludge could 

be found; instead conventional methods have to be adjusted so that they fit under 

local circumstances. For example, this could be that if polluted soil exists in the area, 

it makes it suitable to combine with a biological treatment method such as 

composting or phytoremediation. Local circumstances may give the opportunity to 

create an industrial symbiosis.  

Lastly, obtaining information about the industry of treatment of water and sludge 

containing oil and its methods and experiences proved difficult. This concerns both 

the experts' willingness to talk and what information is readily available on the 

internet to the public. This is something that officials, such the Swedish 

Environmental Protection Agency, can provide information about. Though they have 

published a fact sheet about oil separators, which mentions briefly that membrane 

filtration can be used at recycling stations and that it is costly (The Swedish 

Environmental Protection Agency, 2007), they do not provide any information about 

the treatment processes. They did not answer requests about if any studies about the 

treatment methods had been done either. The lack of information about alternatives 

for treatment is a problem for the Swedish society and competitiveness in the 

industry.
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