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Abstract 
The primary source of phosphorus, phosphate rock, is a non-renewable resource which is 
expected to get exhausted in the next 50 – 100 years. Sewage sludge in Sweden constitutes 
25% of the annual phosphorus in the country, making it a potentially significant source for 
phosphorus recovery. The aim of this project was to identify the potential for phosphorus 
recovery from incineration of dewatered and digested sewage sludge in Fortum Värme’s power 
plants in Stockholm. The study was limited to two boilers located at Bristaverket, Stockholm - 
boiler B1, a bio-fired fluidized bed boiler and boiler B2, a waste-fired grate incinerator. A 
theoretical analysis for boiler B1 showed that it is possible to reach a concentration of 4.6% 
phosphorus in fly ash if sludge and recycled wood fuel are mixed in the ratio 48:52. A test 
program was executed in boiler B2 to burn up to 12.5% sludge with a mixture of household 
waste and industrial waste. A total of 755 tons of sludge was used over a period of three weeks 
during the test in boiler B2. The test was successful in terms of combustion and emissions. 
There was no increase in the emissions of nitrogen oxides, sulphur dioxide and hydrochloric 
acid in the flue gas. Mercury emissions in the chimney increased with an increase in the share 
of sludge, nevertheless, the emission level was below the limit set by the Swedish 
Environmental Protection Agency. Decrease in the amount of unburnt materials in bottom ash 
and in the emission of carbon monoxide showed that the burning of fuel was more efficient 
with input of sludge. The maximum phosphorus concentration was 0.7% in both bottom ash 
and fly ash from boiler B2 and occurred at an input of 12.5% sludge. This concentration is 
close to the expected theoretical value, however it is not expected to be feasible to recover 
phosphorus at such a low concentration. The ashes were sent to Fortum Waste Solutions and 
Ragn-Sells for recovery of phosphorus, however the results are not included in this report due 
to time constraints for thesis study. In order to increase the concentration of phosphorus in the 
ashes, a system approach is recommended, for instance, recirculation of bottom ash into the 
incinerator. 
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Sammanfattning 
Den primära källan till fosfor, fosforit, är en icke-förnybar resurs som är begränsad och 
förväntas bli förbrukad under de kommande 50-100 åren. Avloppsslam i Sverige innehåller 
25% av det årliga fosforflödet, därmed är det en potentiellt viktig källa för fosforåtervinning. 
Syftet med detta projekt var att identifiera potentialen för fosforåtervinning från förbränning 
av rötat och avvattnat avloppsslam i Fortum Värmes kraftvärmeverk i Stockholm. Projektet 
avgränsades till fokus på två pannor i Bristaverket: panna B1, en bioeldad fluidiserad 
bäddpanna  och panna B2, en avfallseldad rosterpanna. En teoretisk analys av panna B1 visade 
att det är möjligt att uppnå en koncentration på 4,6% fosfor i flygaska om slam och RT-flis 
blandas med förhållandet 48:52. Ett test program genomfördes på panna B2 för att förbränna 
uppe till 12,5% slam med en blandning av hushållsavfall och grovkross. Totalt användes 755 
ton slam under en period av tre veckor då testet genomfördes i panna B2. Det var ett lyckat test 
med avseende på förbränning och utsläpp. Ingen ökning av kväveoxider, svaveldioxid och 
saltsyra i rökgasen observerades vid utsläppen. Kvicksilverutsläppet i skorstenen ökade med 
en ökad andel slam, dock var utsläppsnivån under den gränsen som är fastställd av 
Naturvårdsverket. Minskning av oförbrända material i bottenaska och i utsläpp av kolmonoxid 
visade att förbränningen av bränsle är effektivare med inmatning av slam. Den maximala 
fosforkoncentrationen var 0,7% i både bottenaska och flygaska från panna B2 vid ett intag av 
12,5% slam. Denna koncentration ligger nära det förväntade teoretiska värdet, men det anses 
inte vara rimligt att återvinna fosfor vid en sådan låg koncentration ut ett ekonomist perspektiv. 
Askan skickades till Fortum Waste Solutions och Ragn-Sells för återvinning av fosfor, men 
resultatet redovisas inte i denna rapport på grund av tidsbegränsningen av detta examensarbete. 
För att öka koncentrationen av fosfor i askan rekommenderas en systeminriktning, till exempel 
recirkulation av bottenaska i pannan. 
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1. Introduction 
Sewage sludge is the residue of mechanical and biological purification of water in waste water 
treatment plants. Presence of essential nutrients such as phosphorus and nitrogen make it 
suitable for use as a fertilizer, while the presence of toxic chemical compounds and pathogens 
is detrimental for health and environment, essentially rendering the product as waste. The most 
common use of sludge is as a fertilizer in agriculture, however this implies that the harmful 
components keep recirculating in our ecosystem. Consequently, certain countries have strict 
legislation in order to prohibit the use of sludge in agriculture [1] [2] [3]. 

Sweden produces approximately 1.4 million tons of dewatered sludge annually [4]. The sludge 
disposal methods in Sweden are currently limited to agricultural use, composting to produce 
biogas, and landfill disposal [5]. It is expected that upcoming legislation in Sweden will place 
tougher requirements on the quality of sludge allowed on farmlands because of the presence of 
toxic compounds. In addition, regulations concerning the recovery of nutrients from sludge are 
anticipated, which will limit the option of direct landfill disposal. The possibility to recover 
nutrients, particularly phosphorus, from the ashes obtained after incineration of sludge, is a 
comparatively new concept, and is being explored by several companies within Europe [6].  

1.1. Scope and Aim of the Project  
The objective of this project is to identify the potential for phosphorus recovery from sewage 
sludge incineration in Fortum Värme’s heat and power plants in Stockholm. The scope of this 
study is limited to two plants located at Bristaverket - plant B1, which consists of a bio-fired 
fluidized bed boiler and plant B2, which has a waste-fired grate incinerator.  

Boiler B1 (in plant B1) was studied briefly in order to reach the following aims: 

x Estimate the maximum amount of dewatered and digested sludge (75% moisture) that 
can be mixed with recycled wood chips (RT-flis) as fuel in boiler B1, based on the 
mixture’s heating value, moisture and ash content 

x Estimate the concentration of phosphorus in the ashes in plant B1 for the 
aforementioned fuel mixture 

An in-depth analysis of plant B2 was carried out with the following aims: 

x Estimate the maximum amount of dewatered and digested sludge (75% moisture) that 
can be mixed with household and industrial waste in B2 in a technically feasible way 

x Design a feasible test program for incineration of sludge in plant B2 with the primary 
purpose to recover phosphorus  

x Execute the test program for incineration of sludge in plant B2 
x Identify any potential problems with combustion and emissions in the plant that might 

occur due to incineration of sludge 
x Analyze the phosphorus content in the ashes and the possibility of phosphorus recovery 
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2. Background 
The current sewage sludge management techniques in Europe are discussed in this section in 
order to highlight the importance of incineration as the feasible future practice. This is followed 
by an in-depth study on incineration – the technicalities, potential destruction of harmful 
substances, and the importance of phosphorus recovery.  

After a general background about incineration, this section also contains an overview of Fortum 
Värme’s power plants and a summary of the composition of fuels studied in this thesis work.   

2.1. Sewage Sludge Management  
The typical disposal routes for sewage sludge are landfill, agricultural use, composting and 
incineration. The EU Directive 1999/31/EEC recommends reduction in landfilling of 
biodegradable waste. Consequently, several legislations prohibiting the disposal of untreated 
sludge to landfill have been imposed in the EU countries. French regulation places an upper 
limit of 30% dry matter, while the Netherlands restricts the organic content to less than 10% 
dry matter for waste to be sent to landfill [7].  Sweden prohibits the disposal of organic matter, 
such as sludge, in landfills; certain regions are exempted if the sludge is pre-treated [8] or the 
required facilities are not available [9]. Figure 1 shows the management techniques for sludge 
used in Sweden. 

 

Figure 1: Sludge Management in Sweden (2002) 

The use of sludge as a fertilizer has increased from 10% in 2002 to 25% in 2013 within Sweden 
[10]. This method is often the preferred and cheapest method to get rid of sludge [11]. It allows 
efficient use of nutrients, such as phosphorus and nitrogen, which are essential for plant growth. 
The presence of organic material can improve the quality of soil. However, sewage sludge can 
also be a source of pathogens and toxic compounds such as brominated flame retardants [12], 
which eventually end up in the food cycle.  
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The utilization of sludge as a fertilizer is regulated by national legislations that place limits on 
the amount of nutrients, heavy metals and dry solids present in sludge. These legislations differ 
in each country and largely influence the sludge management techniques. The EU Directive 
86/278 regulates the use of sludge in agriculture by restricting the amount of heavy metals and 
nutrients. The EU member states such as Sweden, Denmark, Finland, Germany, the Netherlands 
and Austria have more stringent regulations as compared to those in the EU Directive. For 
example, the limit of zinc according to the EU Directive is 2500 to 4000 mg/kg dry matter, 
while the limit in Sweden is 800 mg/kg dry matter [13]. The Netherlands and Flanders have 
placed even lower limits, resulting in a decrease in the use of sludge in agriculture owing to 
higher treatment cost [1] [2]. Some member states have additionally limited the concentration 
of pathogens and organic micro pollutants such as polychlorinated biphenyl (PCB), polycyclic 
aromatic hydrocarbons (PAH) and adsorbable organic halides (AOX) [7] [13]. Utilization of 
sludge in agriculture will be banned in Germany from 2025 according to the latest legislation 
[3].  

Sweden does not have any formal legislation for agricultural use, nevertheless, the Federation 
of Swedish Farmers, and the Swedish Water and Wastewater Association signed a voluntary 
agreement in 1994 to ensure use of good quality sludge on farmlands [7]. This certification 
system, known as REVAQ, is a national quality assurance system for wastewater treatment 
plants that places limits on the amounts of pollutants and pathogens present in sludge, for it to 
be used as a fertilizer. Only REVAQ certified sludge is used on the arable land in Sweden [14]. 

Composting of sludge prior to landfilling reduces the volume and also decreases pathogenic 
risks. The composted product is usually used as a fertilizer. Approximately 70% of Swedish 
sewage treatment plants send the waste to a digester to produce biogas. The gas is used either 
in district heating network or as a vehicle fuel [15]. Some EU states such as Denmark, Germany, 
and the Netherlands have prohibited the use of untreated sludge on farmland [7]. Although 
composting is more expensive than direct application of sludge on farmlands, the reduced health 
risks and better suitability of the product make it a feasible alternative. 

Incineration of sludge is a capital intensive technique, and only about 15% of the total sludge 
is currently incinerated in Europe [11]. Nevertheless, with upcoming stringent regulations 
which are expected to limit both landfilling and agricultural use of sludge, the amount of sludge 
incinerated is likely to increase. In addition to production of heat and electricity and a large 
reduction in volume, the possibility to efficiently recover nutrients renders incineration as an 
economic and environmentally friendly solution.  

Incineration of sludge results in destruction of harmful substances such as pharmaceutical 
residues, multi-resistant bacteria, microplastics and harmful organic substances. Some of these 
are bio-accumulative and persistent chemicals, bound to have detrimental effects if they keep 
recirculating in our ecosystem. The possibility to get rid of undesired substances found in 
sewage sludge, along with the potential for recovery of phosphorus, makes incineration a 
preferable circular economy solution. 
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2.2.  Sewage Sludge Incineration – Technical Aspects  
A detailed technical feasible study for incineration of sludge was performed in a previous 
Master’s thesis work [16]. This section summarizes the findings from that report and also 
highlights relevant information from some of the already existing plants around the world. 

2.2.1. Fuel Quality 
Sewage sludge can contain up to 95% moisture, therefore, it needs to be dewatered before being 
combusted in a boiler. This requires a high amount of energy, which is usually recovered from 
the heat produced during incineration. However, this results in less amount of heat and/or 
electricity for distribution to the nearby regions. An alternative to avoid high drying costs of 
sludge is to co-incinerate the fuel with waste fuels such as household and industrial waste. A 
typical composition used for co-incineration is 5 to 15% of sludge with household waste [5].  

The sewage sludge in this project was obtained from Stockholm Vatten och Avfall. The sludge 
contains about 75% moisture and has already been dewatered and digested before being 
delivered to the incineration plant. The biogas produced from digestion of sludge is used as a 
vehicle fuel in public transportation in Stockholm [17].  

Sludge obtained from Stockholm Vatten can contain up to 3.2% phosphorus (on a dry basis) 
[18], and hence the potential for phosphorus recovery is quite high in case of mono-incineration. 
The potential for phosphorus recovery is limited for co-incineration because the ash is diluted 
with substances from co-fuels. It might be possible to recover phosphorus if a fuel with low ash 
content, such as recycled wood chips, is mixed in an appropriate proportion with the sludge.  

2.2.2. Types of Incinerators 
The two commonly used incinerators for combustion of sewage sludge are fluidized bed and 
grate-fired boiler.  

A fluidized bed boiler consists of either a sand bed or inert material through which combustion 
air is passed from the bottom in order to combust the fuel. A schematic diagram of a fluidized 
bed boiler is shown in Figure 2. At a particular velocity, the particles behave like a fluid, 
resembling a boiling liquid. This rapid mixing ensures high mass transfer rates and uniformity 
in the combustion chamber. Combustion in a fluidized bed usually takes place at 850 – 950℃ 
[5].  

Fluidized bed boiler can be of two types – bubbling fluidized bed (BFB) and circulating 
fluidized bed (CFB). The velocity of combustion air in a BFB is such that the bed material 
bubbles, but still has a well-defined surface level [16]. The air velocity in a CFB is larger than 
the terminal velocity of particles, leading to an entrained flow of solid particles through the 
combustion chamber.  Some of the combusted particles and ash can even be transported away 
from the bed with the airflow, and therefore the furnace chamber is followed by a gas-solid 
separator which can recirculate the solids back to the furnace. The efficiency of a CFB is higher 
than that of a BFB, generally in the range of 98% to 99.5%, due to better gas-solid mixing and 
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recirculation of unburnt carbon particles back to the furnace [19]. The plant B1 at Fortum is a 
circulating fluidized bed [20].  

 

Figure 2: Schematic diagram of a fluidized bed [21] 

The ash in a fluidized bed boiler is usually distributed as 50% bottom ash and 50% fly ash [22]. 
Fluidized bed is suitable for mono-incineration of sludge or for co-incineration of 10 - 50% 
sludge [5]. This technology has been used in Denmark, Switzerland, the Netherlands, and a few 
other countries for incineration of sludge [5].  

Grate boilers are commonly used for incineration of waste, hence these are a typical choice for 
co-incineration of sludge with other types of waste [5]. A grate-fired furnace consists of a grate 
floor or conveyor belt on which solid fuel is placed, as shown in Figure 3. Primary combustion 
air is supplied from the bottom while secondary air is supplied from the top to combust the 
gases. The fuel is incinerated at a temperature of 850 – 1000℃.  

The ash in a grate boiler is distributed as 95% bottom ash and 5% fly ash [22]. Grate-fired 
boilers are generally applicable for a composition of less than 20% sludge [5], however this 
share might differ according to the fuel characteristics and flue gas cleaning system installed at 
the plant.  
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Figure 3: Schematic diagram of a grate boiler [23] 

2.2.3. Impacts on the Boiler and Emissions from the Plant 
Input of sludge in a boiler can affect furnace temperature, corrosion and agglomeration 
properties of the boiler, and emissions from the chimney. Sludge is classified as a waste fuel, 
therefore, according to the Swedish regulation regarding the Incineration of Waste, flue gases 
in combustion chamber must be subjected to a temperature of minimum 850℃ for at least 2 
seconds [24] in order to prevent formation of dioxins. An analysis of co-incineration of 
household waste with 15% sludge in a grate boiler showed that the furnace temperature drops 
to below 850℃, as compared to 891℃ if only waste is burnt in the boiler [25]. In such a case, 
an auxiliary fuel may be required to maintain temperatures above 850℃. 

Agglomeration of bed particles usually occurs inside a fluidized bed due to melting of alkali 
salts at low temperatures or fusion of bed materials at high temperatures (sintering). Kaolin, an 
aluminium silicate present is sludge, can reduce the effects of agglomeration [16]. In grate-fired 
boilers, sticky particulates might deposit on heat exchange surfaces. Presence of high amount 
of sulphur and phosphorus in sludge can be beneficial for mitigating deposits in the boiler [16] 
because sulphur and phosphorus can displace chlorine in alkali chlorides to form less corrosive 
alkali sulphate and alkali phosphate [22] [26] [27].  

There is a possibility of increased NOx and SO2 emissions from input of sludge in a waste-fired 
plant. Co-incineration of sludge and household waste was tested at Fortum Värme’s plant in 
Högdalen, Stockholm last year where a 10% increase in the emissions of nitrogen oxide was 
observed during the test with 5% sludge in the fuel mixture [28]. The sulphur content in 
household waste is about 0.13% on average, while it is around 0.33% in sludge. Therefore, 
higher sulphur is likely to result in a higher amount of sulphur dioxide in the flue gas. 
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2.2.4. Commercial Experiences of Sludge Incineration 
Information and experience from some of the existing sewage sludge incineration plants are 
summarized in this section. 

Hong Kong T-park is a mono-incineration facility with four fluidized bed incinerators and a 
maximum power output of 14 MW. Combustion takes place at 850℃ for atleast 2 seconds [29] 
[30]. The plant processes 2,000 tons of dewatered sludge per day. The volume of sludge is 
reduced by 90% during combustion and the ashes are sent to landfill [31]. The park also has a 
water desalination plant, power generation facilities, and an educational recreation center at the 
site [32] [33]. The heat and electricity produced on-site can support the entire facility with a 
surplus of up to 2 MW for the public power grid when running at full capacity [29].  

The Slibverwerking Noord-Brabant (SNB) plant in the Netherlands mono-incinerates up to 
1,500 tons of sludge per day in a fluidized bed incinerator. The sludge is dried to 60% moisture 
content at the plant before being combusted. The incoming sludge is deposited in the bunker as 
layers on top of one another. To ensure optimal mixing, buckets pick up sludge from several 
layers and transport it to the incinerator [34]. 62% of the dry matter in the sludge consists of 
combustible organic matter while the remaining is left behind as ash. Approximately 36,000 
tons of ash is produced annually and used either for the production of asphalt or as a filter in a 
salt mine in Germany. A phosphate recovery plant in collaboration with Belgian EcoPhos is 
planned to become operational this year [35] [36].  

Outotec Plant in Zurich Canton is Switzerland’s largest thermal sewage sludge treatment 
facility. The fluidized bed incinerator has an annual capacity of mono-incinerating 100,000 tons 
of sludge [37] and the phosphorus in ash is recovered as a phosphate fertilizer [37]. 

KHKW Zurich-Hagenlhz is a grate-fired boiler which combusts 70% household waste and 30% 
industrial waste. The typical heating value of waste is 12 MJ/kg. The plant co-combusted 11.5% 
sludge from 2005 to 2015, however they changed to mono-incineration thereafter. No notable 
increase in consumption of chemicals was observed during incineration of sludge. 

A grate-fired incinerator in Giubasco, Switzerland, processes around 20,000 tons of sludge per 
year. 12.5% sludge is co-combusted with household and commercial waste. The waste has a 
heating value of 13 MJ/kg. The plant produces 400 kg/h of fly ash, which is equivalent to about 
2% of the fuel input. It was observed that presence of sludge led to increased NOx emissions by 
about 100 mg/nm3 [38]. 

2.3. Fate of Undesired Substances in Sludge 
Sludge is essentially a waste product, containing high amounts of heavy metals, pharmaceutical 
residues, microplastics and organic substances. These substances can keep accumulating in the 
ecosystem if the sludge is used as a fertilizer without any pre-treatment. Incineration of sludge 
is likely to destroy the harmful substances while retaining essential nutrients such as phosphorus. 
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The presence of undesired substances, their pathways in the environment, and health impacts 
are described in this section.  

REVAQ has a long-term target to reach 17 mg Cd/kg phosphorus [39]. The average content in 
Swedish sludge was about 37 mg Cd/ kg P in 2006. This number has decreased in recent years, 
but is still higher than the suggested target. Considering that the authorities are expected to issue 
stringent regulation regarding the amount of heavy metals in sludge, application of sludge on 
the land might be restricted in the future [15], specifically due to the presence of high amount 
of cadmium.  

Pharmaceutical products in the Swedish market can contain up to 1,200 different substances 
and most of the wastewater or sewage treatment plants cannot process these pharmaceutical 
residues [40] [41]. Due to the persistent and non-biodegradable nature of medicines, the active 
ingredients of drugs may end up in water bodies or agricultural fields. These drugs keep 
circulating in the environment, and can be ingested by humans or animals unknowingly. There 
have not been any noticeable effects on humans so far, however the active ingredients can cause 
unintended effects in other species. For instance, studies show that the presence of active 
substances of contraceptive pills, ethinylestradiol and levonorgestrel, in aquatic water resulted 
in feminization of male fish and an increase in infertility among the species [42] [43]. 
Accumulation of antibiotics in the environment can result in evolution of drug-resistant bacteria 
[44]. In Sweden, sludge is usually diluted before being disposed of into aquatic water, and the 
detected concentrations of pharmaceuticals have been lower than the lowest potent 
concentration [43]. However, it should be noted that the effects of potential harmful ingredients 
in drugs have not been fully understood yet, and given that we will continue to use the drugs, 
destruction of pharmaceuticals in sewage sludge is critical. Pharmaceutical residues can be 
destroyed by high temperature incineration [45], however in the case of incomplete combustion, 
the ash might still contain some drug residues [45]. A report by Stockholm Vatten suggests the 
use of activated carbon to absorb the residues [43].   

Microplastics refer to plastic particles smaller than 5 mm diameter [46] [47]. These can be either 
manufactured and used in personal care products, or formed from the breakdown of larger 
plastic materials such as tires. Wastewater treatment plants can receive from 200 to 2,000 tons 
of microplastics annually. A study of three sewage treatment plants in Sweden showed that on 
average, 82% of microplastics which are larger than 20 𝜇𝑚 are separated [46]. The remaining 
microplastics may however concentrate in the sewage sludge and be disposed of either on 
agricultural land or in water bodies. These micro particles can be eaten by aquatic organisms, 
causing physical and toxicological damage to their organs. The other potential impacts of these 
pollutants are still being researched into, and Kemikalieinspektionen and Stockholm Vatten are 
considering a proposal to ban the use of cosmetics containing microplastics [46]. Nevertheless, 
the smaller particles formed as a result of breakdown of larger items will still persist in the 
sludge, and hence their destruction is crucial. Incineration is the only feasible sludge treatment 
option to deal with the microplastics. 
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Organic matter can improve the quality of the soil, but some organic compounds present in 
sludge may have detrimental impacts on health and environment. Perfluorooctane sulfonic acid 
(PFAS) is a collective group of about 800 chemicals used in a variety of products such as textiles, 
fire extinguishers, and detergents. These substances consist of a carbon chain where all 
(perfluorinated) or some (polyfluorinated) of the hydrogen atoms have been replaced by 
fluorine. PFAS have recently come into limelight for their potential harmful impacts on health 
and environment as these are persistent and bio-accumulative in nature. Laboratory experiments 
on animals have shown changes in liver, thyroid, pancreatic and hormone levels due to exposure 
from PFAS. There is, however, no conclusive evidence yet for impact on humans [48].  

According to Naturvårdsverket’s Report #5744, the amount of PFAS in sewage sludge is 
between 150 and 3793 pg/g ww [40]. Sludge sample from Henriksdal sewage treatment plant 
contained almost 30 ng/g ww of PFOS, a substance under the category of PFAS. This is quite 
high when compared to an average content of 10 ng/g ww in sludge samples from other places 
in Sweden. Stockholm Convention has suggested that a minimum temperature of 1100℃ for 
atleast 2 seconds should destroy the PFAS substances [49] [50].  

Polycyclic Aromatic Hydrocarbons (PAH) are a group of compounds consisting of only carbon 
and hydrogen, with two or more aromatic rings. Their volatility is dependent on the number of 
aromatic rings and the molecular structure. They have low vapour pressures and can be present 
as either vapours or particles at ambient temperature [51]. The average level of PAH in the 
sludge from Henriksdal has been around 1.3 mg/kg ds in the recent years. The destruction of 
PAH is temperature dependent. An experimental study in China showed that the concentration 
of PAH in flue gas emission peaked at 1050℃ for mono combustion of sewage sludge while it 
peaked at 1150℃ for co-combustion of coal and sewage sludge [52].  

The average level of Polychlorinated Biphenyl (PCB) in the sludge from Henriksdal has been 
around 0.04 mg/kg ds in the past three years. Naturvårdsverket’s current limit for PCB, to allow 
sludge on arable land, is 0.06 mg/kg ds and is planned to be regulated to 0.04 mg/kg ds by 2030. 

The concentration of nonylphenol has been decreasing over the years, and the average level in 
Henriksdal’s sludge has been around 8 mg/kg ds in the past three years. Nonylphenols are 
endocrine disrupting chemicals. The EU has set a threshold for nonylphenols present in 
imported textiles, which will come into effect in 2021 and is likely to lead to a decrease in the 
concentration of nonylphenol in sludge.  

Dioxins are highly toxic, chlorinated, persistent organic pollutants that can be formed naturally 
during volcanic eruptions or forest fires, or industrially during combustion of fuels [53]. 
Dioxins refer to a group of about 75 compounds, some of which can be carcinogenic or can 
cause damage to reproductive and immune systems in humans [54]. The recommended 
conditions for destruction of dioxins during combustion are either 850℃ for 2 seconds or 
1000℃ for 1 second. Poor mixing in household waste incinerators can lead to formation of 
dioxins due to incomplete combustion of the fuel. The dioxin formation from incineration of 
sewage sludge is expected to be lower than that from incineration of household waste [55] [56] 
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because sewage sludge has a higher S/Cl ratio, which is likely to inhibit formation of chlorinated 
pollutants by generating SO2. SO2 converts chlorine to HCl, which is a poorer chlorination 
agent as compared to chlorine [57].  

2.4. Recovery of Phosphorus  
This section highlights the importance of phosphorus recovery and describes one of the 
processes that can be used for recovering phosphorus from incinerated ash.  

2.4.1. The Need for Phosphorus Recovery 
The primary source of phosphorus is phosphate rock. It is a non-renewable resource expected 
to get exhausted in the next 50 to 100 years [58]. More than a third of the world’s phosphorus 
reserves are located in Western Sahara, which is under the control of Morocco, implying the 
accessibility is highly influenced by the international political situation [58]. The next two 
countries with the largest reserves are China and the US, however both of these countries are 
now limiting their exports of phosphorus in order to focus on domestic use. Within Europe, the 
only two sources of phosphorus are in Finland and Sweden [59].  

Ninety percent of the global phosphorus demand comes from food production and phosphorus 
is an indispensable element for plant growth. The demand for phosphorus is expected to 
increase by 50 to 100% by 2050 [58]. The constantly diminishing supply, coupled with the 
ever-increasing demand for phosphate fertilizers, is putting a pressure on the reserves and 
leading to higher price of phosphorus. Moreover, Europe’s large dependence on phosphorus 
imports [60] makes it critical to recover and reuse the element instead of disposing it in rivers, 
lakes and landfills.  

About 5,800 tons of phosphorus per year is present in sludge in Sweden, which is equivalent to 
almost 25% of the annual phosphorus flow. The Swedish Environmental Protection Agency 
(SEPA) had proposed a target of restoring 60% of phosphorus to productive soil by 2015 [61], 
however this was not achieved due to lack of stringent follow-up actions. The SEPA has now 
proposed that at least 40% of the phosphorus in waste should be recycled as nutrient by 2018 
[10].  

Direct use of sludge as a fertilizer is beneficial for phosphate recovery, however the sludge also 
contains other chemicals and pathogens which might be harmful for the environment. Therefore, 
countries such as Germany and the Netherlands have proposed strict quality controls over the 
use of sludge as a fertilizer. At the same time, the new ordinance of sewage sludge in Germany 
has proposed that phosphorus recovery will be mandatory for sludge containing more than 2% 
phosphorus on a dry basis [62]. Considering that most of the sewage sludge in Germany is now 
being incinerated, it is important to recover phosphorus from the incineration ash.  
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2.4.2. Phosphorus Recovery from the Ash 
Several companies around Europe are investigating the best technology for recovering 
phosphorus. In general, it is recommended that the ash should contain at least 4% phosphorus 
for an economically feasible recovery process [6]. 

One of the most mature phosphorus recovery methods in Sweden is Ragn-Sells’ Ash2Phos 
process, illustrated in Figure 4. It uses the CleanMAP technology to recover the nutrient in the 
form of ammonium phosphate. A previous study at Fortum Värme about the feasibility of 
phosphorus recovery states CleanMAP process as one of the most promising technologies [63]. 
This is because the product, ammonium phosphate, can be directly sold as a fertilizer and 
secondly, the energy efficient process removes most of the heavy metals.   

Figure 4: Ash2Phos Process [63] 

In the process, the ash is first dissolved in a solution of sulfuric acid for about 30 to 120 minutes 
at room temperature. The concentration of sulfuric acid depends on the composition of ash. A 
high concentration of acid inhibits dissolution of phosphorus and instead leads to formation of 
metal oxides.  

The substrate from the dissolution step is pumped into a vacuum belt filter where the heavier 
products are separated as sand, gypsum, silicates and non-soluble metal oxides. About 50% of 
the incoming ash is separated as sand. The amount of gypsum depends on the amount of calcium 
present in the ash.  

In the third step, heavy metals are precipitated by addition of sulfide compounds, for example 
aluminum sulphate. The aluminum dissolves in water while the metal sulfides are separated by 
either filtration or centrifugation. Other heavy metals are separated out for either disposal or 
further processing [59] [64]. 

Ammonia is pressurized into the process, reacting with phosphorus, and forming a precipitate 
of mono ammonium phosphate (MAP). Phosphorus can also be obtained as calcium phosphate. 
The phosphates are almost 100% pure and can be directly sold as fertilizers. The excess 
ammonia is recycled back into the process. 
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In the final step, lime is added to separate aluminum and iron in the form of salts. Some of the 
process water is treated, while most of it is recycled back into the process. 

2.4.3. Commercial Experience 
The first industrial plant in Europe to process phosphates from incineration of sludge is 
expected to become operational in 2017. The plant is owned by EcoPhos and will obtain fly ash 
from sludge incinerators in the Netherlands. The plant has an annual capacity to treat 50,000 to 
60,000 tons of fly ash with a phosphorus content of about 27% [36]. 

2.5. Overview of Boilers at Fortum Värme 
Fortum Värme has two boilers in Bristaverket, supplying district heating and electricity to the 
municipalities of Sigtuna and Upplands Väsby [16]. The possibility of recovery of phosphorus 
from co-incineration of sludge is explored for both the boilers. 

2.5.1. Boiler B1 
Boiler B1 is a biomass-fired circulating fluidized bed (CFB) boiler and has been in operation 
since 1996 [16]. The maximum output of the power plant is 75 MW heat and 41 MW electricity, 
with an additional flue gas condensation unit of 30 MW heat. The primary fuel is biomass, 
however heating oil is used during start-up and as a reserve fuel. The annual consumption of 
biofuel at the maximum capacity is 250,000 tons and the annual consumption of oil is estimated 
as 300 tons [20]. The specifications of the boiler are summarized in Table 1 [16]:  

Table 1: Technical Specifications of B1 

Parameter Unit Min Max 
Moisture content % 40 55 

Ash content % dry basis 0 5 
Heating value (LHV) (delivered fuel) MJ/kg 8 11 

 
The formation of NOx is controlled through stepwise air supply and limited excess air during 
combustion in the bed. Further reduction of NOx is achieved by injecting a solution of 25% 
aqueous ammonia in a selective non-catalytic reduction (SNCR) stage. Electrostatic precipitator 
is installed for particulate and dust filtration. The flue gas condensation unit recovers heat and 
the condensate is treated before being discharged into the wetlands.  

2.5.2. Boiler B2 
Boiler B2 is comparatively new and was built in 2013. It is a grate boiler (panna) with an 
installed capacity of 60 MW heat and 20 MW electricity (elkraft), along with a flue gas 
condensation unit with a capacity of 12 MW heat [20]. The fuel (bränsle) fed into the boiler 
usually consists of household and industrial waste (avfall) in the ratio of 40:60 respectively.  

The plant is equipped with SNCR using a solution of 25% aqueous ammonia, in order to reduce 
the emission of NOx. The dry scrubbing system is known as the NID reactor where aqueous 
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lime and activated carbon are injected to neutralize chemicals present in flue gas. The gases 
then pass through a wet scrubber (quench) before being discharged through the chimney. The 
emissions of sulfur and nitrogen oxides, ammonia, hydrochloric acid, carbon dioxide, carbon 
monoxide and dust in flue gases are monitored and recorded continuously at the plant [20]. 

Figure 5: Overview of plant B2 [65] 

The bottom ash (slagg) is transported to the silo via a conveyor belt. Fly ash (flygaska) is the 
product obtained from the cleaning of super heaters (överhettare), and is the material that was 
deposited on the heat surfaces. This material is frequently blown away to reduce corrosion to 
increase the rate of heat transfer. The end product is the ash obtained after the NID reactor, and 
is therefore diluted with lime. 

The flue gas condensate is first sent to ultrafiltration (UF) units which separate suspended 
material greater than 0.05μm. The reject is recirculated to the scrubber. The condensate then 
undergoes reverse osmosis (RO) to separate metal ions and dissolved salts. NaOH is added to 
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the purified condensate in order to neutralize the solution. The neutralized water is re-used 
inside the plant while the excess water is sent to wetlands (våtmark) located near the plant.  

The annual maximum capacity of the plant is 240,000 tons of fuel, with the hourly capacity 
being 36 tons per hour [20]. The Stoker capacity diagram for B2 is shown in Figure 6. It can be 
observed that the lowest acceptable heating value for full load operation is 7.989 MJ/kg.  

 

Figure 6: Stoker Capacity Diagram for B2 

2.6. Fuel Characteristics for Fortum’s Boilers 
Sewage sludge used in the incineration tests was obtained from Stockholm Vatten’s sewage 
treatment plant in Henriksdal. The sludge is mechanically filtered, treated with the flocculating 
agent iron sulfate, thickened, and stabilized in an anaerobic digester before being delivered to 
the incineration plant [16]. The elemental analysis of sludge obtained from Henriksdal is shown 
in Table 2. 

 

Figure 7: Sample of sludge [66]  
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Table 2: Fuel Composition 

Parameter Unit Sludge1 
April 2016 

Sludge2 
April 2017 

Household 
waste3 

Industrial 
waste4 

Normal 
Fuel in B2 

Recycled 
Wood Fuel 

Moisture, 105°C % 75.4 75.2 38.15 22.7 28.88 23.3 
Ash, 550°C % ds 35.6 33.3 31.25 31.9 31.64 5.80 
Ash, 550°C % 8.80 8.30 19.55 24.63 22.6 4.45 
Carbon (C) % ds 34.6 36.8 - - - 51.9 

Hydrogen (H) % ds 5.00 5.20 6.40 6.40 6.40 6.3 
Nitrogen (N) % ds 4.70 5.06 - - - 1.2 
Oxygen (O) % ds 18.7 17.9 - - - 40.3 

Chlorine (Cl) % ds 0.050 0.050 0.825 0.797 0.808 0.06 
Sulphur (S) % ds 1.35 1.66 0.1405 1.585 1.00 0.08 

LHV MJ/kg 1.74 1.92 9.31 12.7 11.3 13.7 
LHV MJ/kg ds 14.5 15.1 16.7 17.1 17.0 - 

Trace Elements (delivered fuel) 
Silicon (Si) mg/kg 7950 6080 51500 55000 53600 4370 

Aluminium (Al) mg/kg 3000 2550 13900 15400 14800 1000 
Calcium (Ca) mg/kg 5190 4390 30100 28500 29100 2640 

Iron (Fe) mg/kg 19900 14400 2940 5540 4500 885 
Potassium (K) mg/kg 817 975 3460 3610 3550 811 

Magnesium (Mg) mg/kg 984 813 4690 3010 3680 541 
Manganese (Mn) mg/kg 47.5 39.4 284 157 208 91.3 

Sodium (Na) mg/kg 448 394 11900 8260 9720 608 
Phosphorus (P) mg/kg 9100 6820 1600 1090 1300 69.0 
Titanium (Ti) mg/kg 593 409 438 1520 1090 675 
Antimony (Sb) mg/kg 0.401 - 3.67 18.8 12.7 - 

Arsenic (As) mg/kg 0.733 0.672 0.53 1.02 0.823 46.8 
Barium (Ba) mg/kg 51.2 39.2 190 244 222 129 

Lead (Pb) mg/kg 3.91 3.79 20.0 24.6 22.8 20.7 
Boron (B) mg/kg 3.25 2.10 8.16 26.3 19.1 0 

Cadmium (Cd) mg/kg 0.166 0.144 0.599 1.06 0.874 0.230 
Cobalt (Co) mg/kg 1.38 1.45 0.888 2.05 1.58 0.384 
Copper (Cu) mg/kg 86.4 70.7 107 222 176 31.4 

Chromium (Cr) mg/kg 6.49 6.62 122 147 137 89.7 
Mercury (Hg) mg/kg 0.136 0.121 0.029 0.180 0.119 0.0384 

Molybdenum (Mo) mg/kg 1.29 1.15 1.68 3.29 2.64 0.384 

                                                 

 

1 The sample was taken in Fortum Värme’s plant in Högdalen during a similar incineration test. 
2 The sample was taken in Bristaverket during incineration test in B2. 
3 Average from analyses done in February and April 2017  
4 Average from analyses done in January, February and April 2017 
5 Obtained from analysis in Högdalen since this parameter is not analyzed in Brista 
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Element Unit Sludge 

April 2016 
Sludge  

April 2017 
Household 

waste  
Industrial 

waste  
Normal 

Fuel in B2 
Recycled 

Wood Fuel 
Nickel (Ni) mg/kg 5.09 4.27 17.8 27.4 23.6 1.53 

Vanadium (V) mg/kg 5.88 4.84 9.02 14.3 12.2 3.07 
Zinc (Zn) mg/kg 130 111 200 454 353 232 

 

The theoretical study for Brista 1 focuses on co-incineration of recycled wood chips (RT-flis) 
and sewage sludge. The composition of recycled wood chips can vary depending on the source. 
An average analysis obtained from Värmeforsk’s fuel handbook [67] has been used in the study 
and is summarized in Table 2. The moisture content is generally low, around 23.3%, making it 
a good co-incineration fuel for the wet sludge. The ash content of wood chips is low, around 
5.8% of dry fuel, enhancing the possibility of phosphorus recovery.  

The fuel mix fed into the boiler B2 during normal operation consists of household waste and 
industrial waste. Both of these can be either from Sweden or imported from other countries. 
Industrial waste has a higher heating value as compared to household waste, between 11- 16 
MJ/kg, resulting in a relatively higher temperature inside the furnace, and is specifically an 
issue during start-up [16]. Therefore, addition of sludge to this fuel mixture is beneficial and 
can increase the fuel throughput into the boiler. 

The ratio of the two types of waste input into boiler B2 varies over the year. The composition 
of household waste in itself is quite variable. Analysis of the waste in past 12 months revealed 
that the moisture content of household waste ranges from 25% to 52.6%. This in turn affects 
the calorific value of the fuel mixture. The household and industrial waste is usually present in 
the ratio 40:60, and this mix will hereby be referred to as ‘Normal Fuel in B2’. 

2.7. Share of Sludge in Fortum Värme’s Boilers 
The share of sludge to be mixed with the waste fuel depends on the characteristics of the co-
fuel and the specifications of the boiler.  

2.7.1. Boiler B1 
The amount of sludge that can be mixed with recycled wood chips is restricted by ash content, 
moisture content, and heating value of the fuel. The ash contents of sludge and recovered wood 
chips are 35.6% and 5.8% respectively however the ash system of plant B1 can handle a 
maximum of 5% ash. Therefore, the ash system needs to be rebuilt in order to allow such a fuel 
mix. It has been assumed that the new ash system will be able to handle the increased amount 
of ash, and the only two constraints considered in this study are moisture content and lower 
heating value (LHV) of the fuel.  

The moisture contents of sludge and recycled wood fuel are 75.4% and 23.3% respectively. The 
lower heating values are 1.74 MJ/kg and 13.7 MJ/kg respectively. The share of sludge in the 
fuel mix and the respective moisture and heat values are shown in Figure 8. 
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Figure 8: Moisture Content and LHV of Fuel Mixture in B1 

The upper and lower bound of the fuel mix are represented by dashed lines on the graph. It can 
be seen that the share of sludge should be limited to the green area, with the critical points being 
40% moisture content at 32% sludge and a heating value of 8 MJ/kg at 48% sludge. The 
calculations for phosphorus in ash should therefore be limited between this interval. 

2.7.2. Boiler B2 
The ratio of household waste and industrial waste varies every day in the plant. Therefore, an 
average composition based on the monthly averages of last year (2016) was used for 
calculations. The average data from 2016 is summarized in Table 3. 

Table 3: Average fuel composition of B2 in 2016 

 Household Waste Industrial Waste 
Calorific value (MJ/kg), delivered fuel 9.64 11.7 

Share in the fuel (%) 46% 54% 
 

The average calorific value of fuel is 10.75 MJ/kg during normal operation, which has also been 
represented by dotted line on the Stoker chart in Figure 9. The lowest acceptable heating value 
of fuel for full load operation in B2, without compromising steam output, is 7.98 MJ/kg. If the 
fuel contains 31% sludge with household and industrial waste in the ratio 46:54, the lower 
heating value of the mixed fuel will be 8.01 MJ/kg, represented by dashed line on the chart. 
Therefore, 31% of sludge is the maximum limit for boiler B2, assuming it is mixed with 46% 
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household waste and 54% industrial waste. Taking into account the variable nature of normal 
fuel in B2, it was decided to go up to a maximum of 15% sludge during the incineration test.  

 

Figure 9: Stoker Capacity Chart for B2 – dotted line illustrates normal operation and  
dashed line illustrates expected operation with 31% sludge 

2.8. Distribution of Trace Elements in Ash 
The primary difference between fluidized bed and grate boiler, with reference to phosphorus 
recovery, is the distribution of elements between bottom ash and fly ash. In a grate-fired boiler, 
the rule of thumb is that 80% of the substances end up in bottom ash while only 20% in fly ash. 
Therefore, for the grate boiler B2, most of the phosphorus is expected to be recovered from 
bottom ash. On the other hand, for a fluidized bed boiler, the rule of thumb is that the 
distribution is 50:50 between bottom ash and fly ash. In this case, it is therefore not clear which 
source is the best for phosphorus recovery. 

To estimate the concentration of phosphorus in ash from B1, the distribution of trace elements 
in the respective type of ash was obtained from a previous report at Fortum Värme [68]. It was 
assumed that all the trace elements end up in either fly ash or bottom ash. The results from the 
report are shown in Figure 10.  

From the figure, it can be observed that 70% of the total amount of trace elements end up in fly 
ash. The distribution of phosphorus particularly is 78:22 for fly ash and bottom ash respectively. 
The past information obtained from Fortum Värme also shows that the total amount of fly ash 
is 1.13 times the amount of bottom ash in B1 [68]. 
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Figure 10: Distribution of trace elements between fly ash and bottom ash in boiler B1 
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3. Design and Plan for Incineration Test in B2 
The planning phase of incineration test included a review of daily schedules for fuel delivery, 
storage, and usage, and methods for sample collection. A risk analysis was also carried out 
during this period. 

3.1. Test Schedule 
The incineration test for B2 was scheduled from 10th to 21st April. During this period, the 
preliminary plan was to increase the share of sludge gradually in order to avoid sudden 
disturbances to the system, starting from 2.5% sludge and finishing at 15% sludge, as displayed 
in Figure 11. Meetings were held every afternoon in order to look at the results and confirm the 
plan for the next day.  

 

Figure 11: Original plan for incineration test in B2 

3.2. Delivery and Storage of Sludge 
Two lorries of sludge were delivered each day on the weekdays during test period. Each lorry 
contained three containers with a capacity of 12 tons each.  Hence, a total of 72 tons of sludge 
per day and 720 tons in total was planned to be obtained from Stockholm Vatten. Usually, the 
first lorry arrived Brista around 09:00 a.m. and the second around 10:30 a.m. every morning.  

 
Figure 12: Lorry for delivery of sludge  
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It is important to store the sludge in one corner of the bunker in order to avoid unintended 
mixing with normal fuel. Hence, pocket number 5, shown in the picture below, was reserved to 
receive only sludge during the test period, and any excess amount of sludge was stored here. 
This pocket usually receives imported waste, the flow of which was stopped during the test 
period. 

 
Figure 13: Delivery pockets in the bunker 

3.3. Mixing of Sludge and Waste 
Sludge is a semi-solid fuel, whose texture is similar to that of clay. Homogeneous mixing of 
fuel is critical for the tests in order to obtain reliable results as well as to avoid any detrimental 
impacts on the boiler that occur as a result of feeding high amounts of sludge.  

The bunker was divided into three zones during the test. Zone 1 contained only sludge, zone 2 
had only waste, and zone 3 was the ‘mixed’ region with the desired share of sludge and waste. 
Household and industrial waste is delivered between 06:00 and 22:00, hence the crane was 
manually operated during these hours. During the night, the crane was programmed to 
automatically operate and pick up only the ‘mixed waste’ from zone 3. An approximate division 
of the bunker is shown in Figure 14. 

 
Figure 14: Bunker division during the test 
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Zone 2 contained only waste and served as a buffer zone. In case of any undesired issues in the 
boiler, or exceedance of emission limits, the crane operators would start to feed only waste into 
the boiler until a further decision would be made.  

In order to ensure homogeneous mixing, the crane operators picked up ten scoops of waste with 
the crane and then spread one scoop of sludge over it. Each scoop of waste is about 2.75 tons. 
The amount of sludge picked up in one scoop depended on the intended share of sludge on that 
day. The calculations provided to the crane operators are shown in Table 4. 

Table 4: Mixing plan for sludge and waste in the B2 bunker 

Percentage Amount 
Sludge Waste Sludge (tons) Waste 
2.5% 97.5% 0.71 2.75 tons x 10 scoops 
5.0% 95.0% 1.45 2.75 tons x 10 scoops 
7.5% 92.5% 2.23 2.75 tons x 10 scoops 

10.0% 90.0% 3.06 2.75 tons x 10 scoops 
12.5% 87.5% 3.93 2.75 tons x 10 scoops 
15.0% 85.0% 4.85 2.75 tons x 10 scoops 

 

3.4. Risk Analysis 
A risk analysis was carried out with a team consisting of people from the department of 
operations, management, health and safety, and environmental regulation. The main risks 
identified were related to inhomogeneous mixing of sludge and the waste. If the share of sludge 
in the fuel mixture is higher than expected, it can cause mechanical problems in the boiler or 
can lead to higher emissions. Moreover, in case the crane picks up only sludge from the bunker 
and inputs it into the boiler, this can have negative repercussions on multiple systems in the 
power plant. In order to minimize the risks related to inhomogeneous mixing, the crane was 
manually operated and meetings were held with the operations staff to ensure that they are 
aware of the risks involved.  

The environmental permits for emissions were reviewed in order to identify the limits for NOx, 
SO2 and mercury. In case of exceedance during the test period, steps should be taken to reduce 
the emissions in order to stay within the environmental limits.  Generally, it takes about 30 
minutes for the fuel input into the boiler to reach the chimney. It was decided that in case of 
excess SO2, a higher amount of lime will be added to the NID. However if the emission is above 
the limit even after fifteen minutes of adding extra lime, the input of sludge into the boiler will 
be stopped and only waste will be fed into the boiler until the SOx emission reaches an 
acceptable level.  

From the perspective of health and safety of workers, there are no specific regulations for 
handling sludge at a waste incineration plant, therefore the risks at sewage and water treatment 
plants were studied. Direct skin contact with sludge is not dangerous, however contamination 
from skin into mouth when eating, or inhalation of dust and aerosols at the plant can lead to 
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microbial contamination. Presence of pathogenic microorganisms, such as Salmonella and 
Campylobacter in wastewater can lead to respiratory or gastrointestinal infections in case of 
contact [69]. At one of the sewage treatment plants in Käppala, the staff is vaccinated for 
Hepatitis A and B, polio, and tetanus. This is the same as the recommendation from Avfall 
Sverige for personnel coming into contact with household waste [70]. This information was 
communicated to the personnel involved at the plant and it was ensured that they avoided 
coming into direct contact with the sludge, unless required.  

For the collection of ash and condensate samples, safety clothes including helmet, shoes, and 
mask were worn in order to avoid any undesired exposure.  

3.5. Sample Collection 
Sludge, ash and condensate samples were sent for external analysis to study the composition 
and identify any variation that might occur due to the presence of sludge. Seven different 
materials were analyzed during the test program. The locations of sample collection points are 
marked in Figure 15. 

 

Figure 15: Sampling sites at B2 

A brief description of the collection of samples is given below: 

1. Sludge – The sample was taken only once because the fuel is quite homogeneous in 
nature. It was sent to Belab AB for elemental analysis.  

2. Fly ash – The fly ash was redirected to the emergency silo for an hour and the sample 
was collected from this silo with the help of staff in the control room. Three samples 
were taken and sent to Belab AB for elemental analysis. 
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3. End product – End product is the output from NID reactor, and consists of lime and fly 
ash. The samples were taken almost every day, and did not require any additional 
assistance from control room. The samples were sent to Belab AB for analysis. 

4. Bottom ash – The bottom ash is transferred to the silo through a conveyor belt. The 
samples were collected at the beginning of this belt and sent to Belab AB. 

5. Raw condensate – Raw condensate samples were taken for each share of sludge and did 
not require any additional assistance. The samples were collected almost everyday and 
sent to ALS Scandinavia for analysis of trace elements. 

6. Clean condensate – Clean condensate samples were collected for each share of sludge 
and did not require any additional assistance. The samples were sent to ALS 
Scandinavia for analysis of trace elements. 

7. Flue gas – The flue gas samples from chimney cannot be collected by the plant 
operations staff. Therefore, an external company, Miljömätarna i Linköping AB, was 
contacted to collect the samples and analyze them. 

In order to send ash samples for phosphorus recovery, larger samples of bottom ash and fly ash 
were collected in the same way as described above, and sent to the companies for external 
chemical analysis. 

In addition to the above samples, some parameters were monitored real-time during the test 
period. The concentrations of carbon monoxide, carbon dioxide, water, nitrogen oxides, sulphur 
dioxide and hydrochloric acid were monitored in the flue gas both before and after cleaning. 
The flowrate of 25% ammonium solution to the SNCR, and flowrates of lime and activated 
carbon to the NID were also monitored and recorded real-time. Lastly, the fuel input from crane 
to the boiler, steam output and heat recovery from flue gas condensation system were logged.  

The documented data for incoming fuel and dispatched ashes was obtained in order to carry out 
a mass balance of the system.  

3.6. Reference Tests 
The reference test was planned for one week, from 6th to 13th March 2017. During these days, 
the plant operation was observed and discussions were held with control room in order to 
identify the critical parameters during tests. Samples of fly ash, end product, bottom ash, raw 
condensate and clean condensate were taken twice during the reference week and mixed 
together before being sent for analysis. Flue gas analysis was done on 5th and 6th April by 
Miljömätarna i Linköping AB and the results were used as reference values.  
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4. Results and Discussion 
The results from the incineration test are analyzed in this section. The result from calculations 
for boiler B1 are also discussed. 

4.1. Test Schedule 
The original test schedule was modified primarily due to problems with measurement systems 
at the plant. The test was started in week 15 on 10th April as planned, however the measurement 
systems for SO2, HCl, CO and H2O in raw flue gas stopped working on 13th April and took a 
couple weeks to repair. Due to the missing signals, the NID reactor and flue gas cleaning system 
were not working properly, which led to higher sulphur dioxide emissions. Therefore, the share 
of sludge had to be limited between 2.5% and 7.5% from 13th April until all the delivered sludge 
was utilized. No samples were taken between 14th and 30th April.  The test resumed again in 
week 18, from 1st to 5th May. The maximum share of sludge input to the boiler was restricted 
at 12.5%. This is because the plant cannot stabilize if the composition of fuel is changed every 
day. In order to obtain a balance in the system, it was essential to let it stabilize by putting in 
the same share of sludge for at least three consecutive days, and therefore, the plant was 
operated with 12.5% sludge for the last three days of the test. The actual schedule over the entire 
period is shown in Figure 16. The graph shows the share of sludge as well as the actual amount 
of sludge as a fraction of total fuel fed into the boiler.  

 

Figure 16: Actual test schedule for incineration test in B2 
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4.2. Received Fuel and Dispatched Ashes 
A total of 755 tons of sludge was received over the test period of three weeks, with an average 
of 61 tons of sludge per day. The incoming waste during the test period consisted of 38% 
household waste and 62% industrial waste on average. Table 5 summarizes the total amount of 
fuel delivered during the test period. The amount of fuel delivered by the hopper to the boiler 
was also available, however those numbers were not accurate. Hence, the amount of delivered 
fuel has been considered as the amount of fuel used.  

Table 5: Delivered fuel and power output during test period 

 
Delivered amount (tons/week) Industrial as a 

share of 
delivered waste 

Steam 
Output 

 Household Industrial Sludge Total Fuel (MW) 
Week 10 

(Reference) 2007 2509 0 4516 55.6% 75.2 

Week 15 1265 2445 313 4023 65.9% 75.1 
Week 16 1943 2336 123 4402 54.6% 77.1 
Week 18 1390 2727 319 4436 66.2% 75.4 

Sum 4598 7508 755 12861   
 

The past year’s trend showed that the boiler output usually varies between 73 MW and 76 MW 
in the plant. The trend was similar during the test period, and therefore no definite conclusion 
between the boiler output and involvement of sludge could be made. The incineration test did 
not have any effect on the availability of the boiler; it was almost 100% available during the 
test period and reached the desired steam output.  

Table 6: Ash during the test period 

 Dispatched ash (tons/week) Ash as a share of 
delivered waste 

 Bottom ash6 Fly ash End 
product 

Fly ash + end 
product7 

Bottom 
ash 

Fly ash + 
end product 

Week 10 1130 43 126 169 25% 4% 
Week 15 775 77 131 208 19% 5% 
Week 16 964 0 126 126 22% 3% 
Week 17 1004 42 88 130 21% 3% 
Week 18 911 84 128 212 21% 5% 

Sum 3654 203 473 676 21% 4% 

                                                 

 

6 The bottom ash consists of about 12% water.  
7 The fly ash and the end product are 100% dry. 
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Table 6 shows the amount of bottom ash, fly ash and end product that were sent out from the 
plant. It is not necessary that all the ash produced in a certain week is dispatched in that week 
itself. There is no transport on the weekends, hence the numbers in this table do not indicate the 
amount of ash produced over the week, but the amount of ash dispatched in that week. The 
trend indicates that there was no major difference in the amount of ash produced during the 
addition of sludge into the boiler.  

4.3. Ash Analysis 
Three types of ash products were analyzed – bottom ash, fly ash and end product. In Boiler B2, 
fly ash is obtained from sooting of super heaters, and is collected before the NID reactor. End 
product is collected after the NID, and therefore is diluted with lime. The elemental analyses of 
ash for varying shares of sludge are shown in Tables 7, 8 and 9.   

The iron content in bottom ash was 25900 mg/kg ds during reference test and 42000 mg/kg ds 
on average during the test with sludge. This is expected because the sludge in Henriksdal is 
treated with iron sulfate, resulting in an iron content of 67600 mg/kg ds in sludge, as compared 
to only 8710 mg/kg ds iron in the normal fuel. Similar to bottom ash, the iron content in end 
product also increased with increase in the amount of sludge. 

The other trace elements did not have any definite trend, implying that the content of sludge is 
quite similar to that of household and industrial waste. 

The phosphorus content had an increasing linear trend in both bottom ash and fly ash, and is 
discussed further in Section 4.7.  
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Table 7: Analysis of bottom ash 

Sample Date 10-13/03 11/04 12/04 03/05 05/05 
Sludge (%) 0% 5% 7.5% 10.0% 12.5% 

Moisture, 105℃ % 15.6 12.1 10 13.2 11.1 
Unburnt % ds 2.3 1 1 1.1 1 

Cl % ds 0.35 0.23 0.51 0.21 0.31 
F % ds 0.023 0.036 0.021 0.016 0.025 
Br % ds <0,05 <0,005 <0,005 <0,005 <0,005 
S % ds 0.94 0.86 0.669 0.434 0.626 

TOC % ds <1 <1 <1 <1 <1 
C % ds 0.9 0.6 0.5 2.1 0.8 

Metals, taken away % 14 17 15 12.6 11.7 
Trace elements 

Si mg/kg ds 234000 209000 242000 214000 261000 
Al mg/kg ds 64300 52700 62100 80400 63500 
Ca mg/kg ds 123000 129000 118000 150000 138000 
Fe mg/kg ds 25900 43000 36200 44100 44600 
K mg/kg ds 13100 12300 14300 12000 15900 

Mg mg/kg ds 15200 13000 15900 11400 13700 
Mn mg/kg ds 905 800 766 715 1040 
Na mg/kg ds 30600 29400 28000 21200 31000 
P mg/kg ds 3480 3840 5580 4360 7030 
Ti mg/kg ds 8180 7610 8250 5700 8330 
As mg/kg ds 35.7 16 11.4 16.3 16 
Ba mg/kg ds 1720 1430 1860 1220 1710 
Pb mg/kg ds 543 615 620 1770 466 
B mg/kg ds 413 436 425 252 324 
Cd mg/kg ds 2.13 1.36 0.862 2.6 1.6 
Co mg/kg ds 29 18 20.5 19.7 24.3 
Cu mg/kg ds 5320 1580 1880 970 9350 
Cr mg/kg ds 465 615 406 284 413 
Hg mg/kg ds <0,01 <0,01 <0,01 <0,01 <0,01 
Mo mg/kg ds 7.83 9.23 6.79 8.85 7.41 
Ni mg/kg ds 69 72.2 72.2 65.6 68.9 
Tl mg/kg ds <0,5 <0,5 <0,5 <0,5 <0,5 
V mg/kg ds 67 63.3 58.4 56.5 54.5 
Zn mg/kg ds 1390 1960 1700 1630 2460 
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Table 8: Analysis of fly ash 

Sample Date 10-13/03 11/04 05/05 
Sludge (%) 0% 5% 12.5% 

Moisture, 105℃ % 0.1 <0,1 <0,1 
Unburnt % ds 1.1 <0,5 <0,5 

Cl % ds 7.27 2.07 1.68 
F % ds 0.038 0.048 0.042 
Br % ds 0.048 0.011 0.005 
S % ds 6.409 2.612 5.601 

TOC % ds <1 <1 <1 
C % ds 1.3 1 0.7 

Trace Elements 
Si mg/kg ds 65200 97600 116000 
Al mg/kg ds 29900 41400 45100 
Ca mg/kg ds 242000 233000 215000 
Fe mg/kg ds 11500 19100 27200 
K mg/kg ds 19400 16700 13300 

Mg mg/kg ds 12700 18000 16200 
Mn mg/kg ds 650 1020 935 
Na mg/kg ds 23500 17800 14900 
P mg/kg ds 3570 5510 6870 
Ti mg/kg ds 8800 15300 15400 
As mg/kg ds 58.2 53.4 57.6 
Ba mg/kg ds 1260 1840 1840 
Pb mg/kg ds 1820 1320 1230 
B mg/kg ds 276 427 411 
Cd mg/kg ds 60.3 27.3 29.7 
Co mg/kg ds 17.2 21.4 29.9 
Cu mg/kg ds 824 642 787 
Cr mg/kg ds 314 477 603 
Hg mg/kg ds 3.02 <0.009 <0.01 
Mo mg/kg ds 16.2 15 13.8 
Ni mg/kg ds 64.9 78 83.9 
Tl mg/kg ds 0.615 <0,5 <0.5 
V mg/kg ds 43.5 64.4 56.4 
Zn mg/kg ds 11700 10900 10100 
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Table 9: Analysis of end product 

Sample Date 10-13/03 11/04 12/04 03/05 05/05 
Sludge (%) 0% 5% 7.5% 10.0% 12.5% 

Moisture, 105℃ % 0.1 <0,1 <0,1 0.5 0.5 
Unburnt % ds 3.5 3.1 3.1 3.1 3.8 

Cl % ds 10.21 11.96 11.5 11.08 11.24 
F % ds 0.023 0.061 0.054 0.031 0.033 
Br % ds 0.097 0.111 0.099 0.093 0.087 
S % ds 6.606 5.686 5.841 7.01 7.063 

TOC % ds 1.1 <1 <1 <1 1.4 
C % ds 2.6 2.6 2.5 2 2.7 

Trace elements 
Si mg/kg ds 23000 20200 20900 23800 20900 
Al mg/kg ds 11500 8460 7600 12100 10400 
Ca mg/kg ds 278000 298000 298000 319000 311000 
Fe mg/kg ds 3750 4210 4590 5870 5210 
K mg/kg ds 19200 21400 20000 21000 19700 

Mg mg/kg ds 7810 7290 6900 8800 7560 
Mn mg/kg ds 259 290 216 316 282 
Na mg/kg ds 25700 26600 25000 27700 22100 
P mg/kg ds 1440 1190 1180 1660 1500 
Ti mg/kg ds 1700 1270 1070 1330 1410 
As mg/kg ds 59.8 48.4 47.2 70.6 73.3 
Ba mg/kg ds 461 347 310 451 420 
Pb mg/kg ds 1540 1630 1620 1430 1390 
B mg/kg ds 179 140 136 154 156 
Cd mg/kg ds 71.4 81.6 79.8 87 84.5 
Co mg/kg ds 5.75 4.36 4.26 7.14 6.7 
Cu mg/kg ds 561 433 426 552 541 
Cr mg/kg ds 118 99.3 106 196 173 
Hg mg/kg ds 6.94 4.95 5.51 4.45 4.89 
Mo mg/kg ds 6.57 5.4 5.03 6.03 5.11 
Ni mg/kg ds 21 19.4 18 23.4 21.3 
V mg/kg ds 15.8 15.1 12.7 14.1 13.5 
Zn mg/kg ds 11400 11800 11500 1700 12200 
Tl mg/kg ds - 1.04 1.02 1.2 1.16 
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4.4. Trace elements in Flue Gas Condensate  
The levels of trace elements in the flue gas condensate were analyzed both before and after 
condensate cleaning. The condensate is let out into the wetlands, and therefore it may be of 
interest for environmental authorities to ensure that the trace elements are still within the limits.  
The results of the analysis of raw condensate and clean condensate are summarized in Table 10 
and Table 11 respectively.  

Table 10: Analysis of trace elements in raw condensate 

Sample Date 10/03 13/03 11/04 12/04 13/04 03/05 05/05 
Sludge (%) 0% 0% 5% 7.5% 10% 10% 12.5% 

Ca mg/l <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Fe mg/l <0.01 <0.01 0.0313 <0.01 <0.01 <0.01 <0.01 
K mg/l <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 

Mg mg/l <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Na mg/l 58 139 37.9 56.6 152 40.2 42.1 
Al µg/l <10 <10 <10 <10 <10 <10 <10 
As µg/l <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Ba µg/l <1 <1 <1 <1 <1 <1 <1 
Cd µg/l <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
Co µg/l <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Cr µg/l <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 
Cu µg/l <1 <1 <1 <1 <1 <1 <1 
Hg µg/l 0.608 1.01 0.568 2.62 3.69 7.7 6.51 
Mn µg/l <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 
Mo µg/l 1.59 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Ni µg/l <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 
Pb µg/l <0.5 0.748 <0.5 <0.5 0.729 0.617 <0.5 
Tl µg/l <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
V µg/l <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Zn µg/l <4 5.53 <4 <4 4.11 <4 <4 

 

From the analysis of raw condensate, it can be seen that the level of mercury increased in 
proportion to the amount of sludge in the fuel mix. The mercury level in the clean condensate 
was constantly below the detectable limit of 0.02 μg/l. Figure 17 shows the fluctuations in the 
concentration of mercury with respect to the share of sludge, for both raw and clean condensate.  
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Table 11: Analysis of trace elements in clean condensate 

Sample Date 10-13/03 11/04 12/04 03/05 05/05 
Sludge (%) 0% 5% 7.5% 10% 12.5% 
Ca mg/l <0.2 <0.2 <0.2 <0.2 <0.2 
Fe mg/l <0.01 <0.01 <0.01 <0.01 <0.01 
K mg/l <0.4 <0.4 <0.4 <0.4 <0.4 

Mg mg/l <0.2 <0.2 <0.2 <0.2 <0.2 
Na mg/l 15.5 18.4 13.3 23.5 15 
Al µg/l <10 <10 <10 <10 <10 
As µg/l <0.5 <0.5 <0.5 <0.5 <0.5 
Ba µg/l <1 <1 <1 <1 <1 
Cd µg/l <0.05 <0.05 <0.05 <0.05 <0.05 
Co µg/l <0.2 <0.2 <0.2 <0.2 <0.2 
Cr µg/l <0.9 <0.9 <0.9 <0.9 <0.9 
Cu µg/l 1.99 <1 <1 <1 <1 
Hg µg/l <0.02 <0.02 <0.02 <0.02 <0.02 
Mn µg/l <0.9 <0.9 <0.9 <0.9 <0.9 
Mo µg/l <0.5 <0.5 <0.5 <0.5 <0.5 
Ni µg/l 0.804 <0.6 <0.6 <0.6 <0.6 
Pb µg/l <0.5 <0.5 <0.5 <0.5 <0.5 
Tl µg/l <0.1 <0.1 <0.1 <0.1 <0.1 
V µg/l <0.2 <0.2 <0.2 <0.2 <0.2 
Zn µg/l <4 <4 <4 <4 <4 

 

 

 

Figure 17: Mercury level in the flue gas condensate 

0

0.005

0.01

0.015

0.02

0.025

0

2

4

6

8

10

0% 2% 4% 6% 8% 10% 12% 14%

H
g 

 (µ
g/

l) 
-c

le
an

 c
on

de
ns

at
e 

 

H
g 

 (µ
g/

l)
-r

aw
 c

on
de

ns
at

e 

Share of sludge

Mercury Level in the Flue Gas Condensate

Raw condensate Clean condensate



 

33 
 

 

The concentration of mercury in the raw condensate increased from about 1 μg/l  during 
reference test to 7.7 μg/l during 10% sludge input. The mercury level at 12.5% sludge was 
lower than at 10% sludge. This is probably due to fluctuations in the composition of the fuel. 
Overall, a clear trend of increasing amount of mercury in the condensate can be observed. This 
does not pose any concern because the level of mercury in clean condensate was below 0.02 
μg/l during the entire test period, whereas the environmental limit for mercury in the clean 
condensate is 0.5 μg/l [22]. Therefore, the cleaning system for flue gas condensate seems to be 
efficient in handling sludge up to 12.5% sludge. 

4.5. Flue Gas Analysis 
Continuous measurement systems for NOx, SO2, HCl, CO and CO2 are installed at the plant and 
hence these variables were followed online continuously during the test period. The gases were 
measured both before and after cleaning. There were no observable changes in the emissions 
from the chimney, as can be noticed in Table 12, implying that the flue gas cleaning system 
does not need any modifications for up to 12.5% sludge in the fuel mix. The yearly average 
environmental limit for NOx emission from the plant is 90 mg/Nm3 dry gas 11% O2 and this 
was not exceeded during the tests. 

Table 12: Average concentration of gases in the flue gas after cleaning stages 

Date Sludge 
(%) 

NOx 
(mg/Nm³ 
dry gas 

11% O2) 

SO2 
(mg/Nm³ 
dry gas 

11% O2) 

HCl 
(mg/Nm³ 
dry gas 

11% O2) 

CO 
(mg/Nm³ 
dry gas 

11% O2) 

CO2  
(% dry 

gas) 

06 - 13/03 0.0 % 77.15 1.40 0.25 1.11 9.45 
10/04 2.5 % 83.32 0.95 0.22 0.28 9.93 
11/04 5.0 % 66.47 2.57 0.14 0.27 10.11 
12/04 7.5 % 65.98 2.40 0.20 0.24 10.16 
01/05 7.5 % 79.38 2.91 0.26 0.67 9.61 
02/05 10.0 % 90.69 2.93 0.26 0.64 9.46 

03 - 05/05 12.5 % 70.62 1.04 0.30 0.37 9.51 
 

Table 13: Average concentration of gases in the flue gas before cleaning stages 

Date Sludge 
(%) 

NOx 
(mg/Nm³) 

SO2 
(mg/Nm³) 

HCl 
(mg/Nm³) 

CO 
(mg/Nm³) 

CO2 
(%) 

06/03 to 13/03 0.0 % 86.02 490.41 637.46 27.92 10.16 
10/04 2.5 % 101.72 667.93 688.99 14.34 10.23 
11/04 5.0 % 81.91 575.55 709.02 5.46 10.58 
12/04 7.5 % 78.51 625.69 781.82 5.52 10.63 
01/05 7.5 % 89.45 561.82 725.41 25.32 10.39 
02/05 10.0 % 104.71 451.47 692.22 11.75 10.19 

03/05 to 05/05 12.5 % 82.78 471.75 734.38 9.83 10.22 
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Table 13 shows the average values for parameters followed in the raw flue gas. The levels of 
NOx, SO2 and HCl were variable throughout the test, and no significant trend was observed in 
relation to the amount of sludge. Such fluctuations are normal during the operation of the plant 
and are dependent on the composition of fuel.  

 

Figure 18: NOx, SO2 and HCl in flue gas with respect to the share of sludge in the fuel 

 

 

Figure 19: Carbon monoxide in the flue gas before cleaning stages 

0

100

200

300

400

500

600

700

800

900

0

20

40

60

80

100

120

0% 2% 4% 6% 8% 10% 12%

SO
2

an
d 

H
C

l (
m

g/
N

m
3 )

N
O

x 
(m

g/
N

m
3 )

Share of sludge (%)

NOx, SO2 and HCl in flue gas (before cleaning)

NOx

SO2

HCl

0%

2%

4%

6%

8%

10%

12%

14%

0
10
20
30
40
50
60
70
80

10.4.2017 15.4.2017 20.4.2017 25.4.2017 30.4.2017 5.5.2017

Sh
ar

e 
of

 sl
ud

ge
 (%

)

C
O

 (n
m

/n
m

3 )

Time

Carbon Monoxide in the Flue Gas

CO Share of sludge



 

35 
 

 

The level of carbon monoxide was lower during the test period as compared to reference test 
and other periods without input of sludge, except on the 1st of May. Lower levels of carbon 
dioxide, in addition to lower unburnt material in bottom ash, reinstate that the burning of fuel 
is better with addition of sludge as compared to burning only waste. The decrease in CO was 
not immediate, but took about 24 hours after the first batch of sludge was input into the boiler. 
This can be seen in Figure 19, which displays the hourly data for carbon monoxide in raw flue 
gas from 10th April until 5th May. The share of sludge input to the boiler is also shown in Figure 
19 for reference.  

4.5.1. Mercury in Cleaned Flue Gas  
The concentration of mercury in cleaned flue gas is measured continuously at the plant and was 
followed during the tests. The graph in Figure 20 shows the level of mercury emission in 
relation to the share of sludge. The concentration of mercury increased during the test period. 
In order to control the emission, the flow of activated carbon to the NID was increased, resulting 
in lower mercury emission during input of 10% sludge.  

 

Figure 20: Mercury emission in the flue gas 

The graph was plotted using daily average values. The actual emission of mercury has large 
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emission peaked to about 18 μg/Nm3 dry gas 11% O2.  This was not an issue in reference to the 
environmental permit, which has a limit of 20 μg/Nm3 dry gas 11% O2 for mercury emissions. 
However, in order to avoid exceedance of this limit, the share of sludge was not increased 
further to 15%.   
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been observed in the past two years. Moreover, between 23rd and 25th April, the average 
mercury emission was 6.4 μg/Nm3 dry gas 11% O2, even though the fuel mix did not contain 
any sludge. Therefore, it is possible that some of the increased emission is attributable to 
household or industrial waste. 

It is expected that Naturvårdsverket will lower the environmental limit for mercury to 5 μg/Nm3 

in the near future. Therefore, it is critical to find a solution to limit mercury emissions from the 
plant. 

4.6. Chemical Consumption 
The flow of ammonia and lime was followed real-time during the test period and the daily 
average values are summarized in Table 14. There was no noticeable increase in the 
consumption of lime during the test period. The flow of ammonia increased by about 18% 
during 12.5% sludge input as compared to the reference test. 

The maximum limit for lime is 500 kg/h and the limit for ammonia is 300 l/h. Therefore, it can 
be concluded that the SNCR system and the NID reactor installed in B2 are quite sturdy and 
can take up a high amount of sludge without requiring any external interference.  

Table 14: Consumption of ammonia and lime in B2 

Date Sludge (%) Ammonia (l/h) Lime (kg/h) 
06/03 to 13/03 0.0 % 172.34 188.71 

10/04 2.5 % 170.60 198.78 
11/04 5.0 % 220.02 185.97 
12/04 7.5 % 232.79 270.30 
01/05 7.5 % 194.55 200.82 
02/05 10.0 % 183.46 188.78 

03/05 to 05/05 12.5 % 203.18 188.78 

 

4.7. Phosphorus Recovery 
This section contains the result of feasibility study for boiler B1 and the analysis of phosphorus 
content in the ashes from plant B2. 

4.7.1. Boiler B1 
The amount of ash produced in the plant B1 was estimated using the trend from previous studies 
at Fortum [68]. The amount of ash produced was assumed to increase linearly with increase in 
the share of sludge. As mentioned earlier, the share of sludge that can be mixed with recycled 
wood fuel in B1 is restricted between 32% and 48%. The estimated amounts of fly ash and 
bottom ash for the minimum and maximum scenario are summarized in Table 15. 
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Table 15: Amount of ash produced in B1 

Share of sludge 32% 40% 48% 
Fly ash (kg/h) 2474 2921 3444 
Bottom ash (kg/h) 2194 2590 3054 

 

The average compositions of sludge from the years 2016 and 2017 were used to calculate the 
concentration of phosphorus in the ashes. It was found that the concentration of phosphorus is 
linearly proportional to share of sludge in the fuel mix. At the highest possible share of sludge 
i.e. 48%, the concentration of phosphorus in the fly ash was estimated as 4.6%, which can be 
considered as a feasible concentration for phosphorus recovery. The concentration of 
phosphorus in the bottom ash is expected to be 1.5% at 48% sludge. These results are illustrated 
in Figure 21. 

 

Figure 21: Concentration of phosphorus in the ashes from B1 
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performed before testing the fuel mixture in boiler B1. In addition, the ash system needs to be 
rebuilt in order to handle the increased amount of ash.  

4.7.2. Boiler B2 
The phosphorus content in the ashes from B2 is shown in Figure 22. The highest concentration 
was 0.7% in both fly ash and bottom ash and occurred at 12.5% sludge input. This is quite low 
and therefore, it may not be economically feasible to recover phosphorus from such a fuel mix.  

 

Figure 22: Actual concentration of phosphorus in the ashes from B2 

The bottom ash and fly ash samples were sent to Ragn-Sells and Fortum Waste Solutions, for 
separation of phosphorus, however due to time constraints for the thesis study, the results have 
not been included in this report.  

A theoretical analysis for the expected concentration of phosphorus in B2 was done before 
carrying out the test and the results are displayed in Figure 23. The calculation showed that the 
phosphorus concentration should have been 1.1% in bottom ash and 1% in fly ash at an input 
of 12.5% sludge. Similar to the case of plant B1, the theoretical concentration is a maximum 
since it is based on the assumption that all the phosphorus is recovered in either fly ash or 
bottom ash. This assumption is clearly not true since some amount of phosphorus is present in 
the end product. Nevertheless, the results from the test showed that the theoretical result is in 
close range, and therefore can be used as an estimate for future reference.   
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Figure 23: Expected concentration of phosphorus in the ashes from B2 

The maximum content of sludge that can be theoretically fed into boiler B2 is 31%, with 
household and industrial waste being in the ratio 46:52 respectively. At 31% sludge, the 
theoretical concentration of phosphorus would be 1.8% in bottom ash and 1.5% in fly ash. 
Practically, it is expected to be around 1.2% considering loss of phosphorus to other output 
products at the plant. Considering that 4% of phosphorus is thought to be a feasible value, the 
recovery of phosphorus from plant B2 does not seem to be the best option in the current scenario. 
In order to reach 4% phosphorus in the bottom ash, 95% sludge will have to be fed into the 
boiler, which is not a possibility given the boiler’s specifications.  

The above discussion shows that reaching a feasible concentration of phosphorus is difficult, 
and the future research and development should focus on either increasing the concentration of 
phosphorus in the ashes, or improvising the method for phosphorus recovery such that the 
requirement of minimum 4% concentration can be lowered.  
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5. Conclusion 
The primary aim of this project was to identify the potential for phosphorus recovery from 
sewage sludge incineration in Fortum Värme’s power plants in Bristaverket, Stockholm. The 
dewatered and digested sludge used in the project was obtained from Stockholm Vatten och 
Avfall’s wastewater treatment plant located in Henriksdal, Stockholm. 

The technical analysis of plant B1, consisting of biomass-fired fluidized bed, showed that it is 
possible to obtain 4.6% phosphorus in the fly ash if sludge and recycled wood chips are mixed 
in a proportion of 48:52. A test program was executed in the grate boiler B2 to co-incinerate 
sludge with household and industrial waste. A total of 755 tons of sludge was used over a period 
of three weeks and the maximum share of sludge was limited to 12.5%. Evaluation of sludge 
combustion and reference period was done by monitoring real-time data and collecting samples 
of fuel, ashes, flue gas and flue gas condensate. The test was considered successful in terms of 
combustion and emissions at the plant, however the concentration of phosphorus in the ashes 
was lower than expected.  

The following conclusions can be made for plant B2 from this thesis study: 

x A maximum of 31% sludge can be mixed with the normal fuel in B2 without 
compromising steam output. The normal fuel refers to a mixture of household and 
industrial waste in the ratio of 46:54 respectively.  

x Up to 12.5% of dewatered and digested sewage sludge can be incinerated with 
household and industrial waste in plant B2 without any significant impact on 
combustion and emissions.  

x A major challenge during incineration of sludge was to ensure homogeneous mixing of 
fuels. The crane was operated manually during the day hours for the three week test 
period, however this is not a feasible solution if the sludge is to be incinerated 
commercially at the plant on a long-term basis. 

x The availability of plant B2 was almost 100% and no decrease in steam output was 
observed during the test period. 

x The concentration of mercury in the raw flue gas condensate increased with the addition 
of sludge. The condensate cleaning system is efficient in handling mercury since the 
concentration of mercury in the clean condensate did not increase.  

x The content of other trace elements in the ashes and the condensate was not affected by 
addition of sludge. 

x The emissions of NOx, SO2 and HCl did not increase during the test period, implying 
the SNCR and flue gas cleaning system do not need any changes up to 12.5% sludge. 

x Increase in mercury emissions in the clean flue gas was observed during the test period. 
The emissions were below the limit of environmental permit, therefore it did not pose 
any problem. However, in the future, if the share of sludge is increased, the mercury 
emissions are expected to be a hurdle. Moreover, the limit for mercury emissions is 
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expected to decrease from 20 μg/Nm3 to 5 μg/Nm3. It is therefore critical to find a 
solution which can decrease the emissions of mercury.  

x About 18% increase in the consumption of ammonia in SNCR was observed during the 
test period. No significant changes were observed for consumption of lime.  

x The burning of fuel was more efficient during the sludge test as compared to the 
reference period. This was evident from two results: decrease in the amount of unburnt 
materials in bottom ash and decrease in the emission level of carbon monoxide in flue 
gas. 

x The concentration of phosphorus in both fly ash and bottom ash was found to be 0.7% 
at 12.5% share of sludge. A concentration of 4% is recommended for a feasible 
phosphorus recovery process, therefore the results are not satisfactory.  

x The theoretical maximum concentration of phosphorus in bottom ash was calculated as 
1.1% for 12.5% sludge and as 1.8% for 31% sludge. Therefore, it is probably not 
feasible to recover phosphorus from plant B2 until the 4% limit is lowered.  

An extended techno-economic feasibility study is recommended for boiler B1 as investment is 
required before carrying out any trials in the plant. The future trials for B2 should aim to 
maximize the amount of sludge being fed into the boiler in order to obtain a higher 
concentration of phosphorus in the ashes. A longer test period is recommended for the future in 
order to obtain a stable plant system and reach definite conclusions.  
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6. Suggestions for Future Work 
The theoretical study for boiler B1 is solely based on the moisture content and heating value of 
the fuel. It might not be feasible to mix almost 50% sludge with recycled wood fuel, as this 
might require changes in catalyst, ash system, dust filter and flue gas cleaning system. 
Regarding the technical aspects, future work should review the potential impact on bed sand, 
boiler corrosion, and sintering problems that can occur from the suggested fuel mixture. An 
estimate of emissions should be made in order to identify the changes required in flue gas 
cleaning system. With respect to the environmental permits, the principal concerns are nitrogen 
oxides, sulphur dioxide, hydrochloric acid, and mercury. The mechanical issues that need to be 
adressed are fuel input and ash handling systems. As discussed in the design of incineration test 
for B2, homogoneous mixing of fuel is critical in order to achieve the best results, and the best 
possible way to mix the fuels should be looked into.  

If the technical study concludes that the recommended mix of sludge and wood fuel is not 
feasible, alternative mixtures can be explored. A recommendation is to combine recycled wood 
fuel and sludge with forest waste that is currently combusted in the boiler. The forest fuel has 
an ash content of only 1.32%, and hence is more suitable for boiler B1. Therefore, an extended 
in-depth analysis should be done in order to reach a conclusion about the technical and 
economic feasibility of phosphorus recovery from sludge in boiler B1. 

The original plan for incineration test in boiler B2 was to go up to 15% sludge, however due to 
an unstable system, the maximum share of sludge was limited to 12.5%. A recommendation to 
control mercury emissions is to increase the flow of activated carbon into the NID. If the 
mercury emission can be reduced, it is possible to mix more than 12.5% sludge in the boiler. 
Future trials should focus on achieving as high share of sludge as possible in order to test the 
limits of boiler B2 and recover maximum amount of phosphorus in an economically feasible 
way.   

Homogeneous mixing of sludge and waste is essential in order to avoid mechanical problems 
in the boiler. Manual operation of crane is not a feasible solution for the long-term scenario. In 
Switzerland, the waste incineration plant in Giubiasco has installed a concrete pump to transfer 
sludge, where 8 valves work alternatively in pairs just above the waste shaft to the boiler [22].  
If Fortum decides to continuously feed in sludge into boiler B2, a similar pump system is 
recommended in order to control the amount of sludge being fed to the boiler.  

Another possible solution is to mix sludge with pieces of rubber tires before it is delivered to 
the bunker. Rubber tires have a high heating value of about 28.6 MJ/kg and a low moisture 
content of about 4.3% [67], which make them suitable for co-incineration with sludge. Disposal 
of discarded tires to landfills is forbidden in Sweden and the processed tires are currently used 
in the cement industry. However, rubber has a high sulphur content, about 1.90% of delivered 
fuel. A combination of high sulphur fuels – sludge, rubber and industrial waste – might not be 
the best solution with respect to the flue gas cleaning system and the sulphur dioxide emissions. 
A higher input of lime will be required in order to control the emissions. With respect to 
recovery of phosphorus, mixing of tires with sludge is beneficial because of their lower ash 
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content (about 12%) [67] as compared to household and industrial waste. The mixing of rubber 
tires with sludge will potentially reduce the mechanical risks associated with accidental input 
of pure sludge into the boiler. 

In order to increase the concentration of phosphorus in the ashes, a system approach including 
process integration is recommended. Some of the possibilities are shown in Figure 24. One of 
the recommendations is to recirculate bottom ash into the incinerator in order to produce more 
concentrated bottom ash. Another possible option is to grind a certain amount of bottom ash in 
order to produce an adsorbent material for phosphorus. By doing this, the phosphorus content 
is enriched by using materials from within the system. Similar process integration techniques 
should be explored further with the aim of maximizing the concentration of phosphorus.  

 

 
Figure 24: System approach for phosphorus recovery solutions 

Use of sludge as a fuel is a potential business proposal for Fortum. The gate fees of sludge is 
expected to be between €60 and €80 per ton [6], which is almost double as compared to that of 
household and industrial waste. In the long term, the major investment cost related to input of 
sludge will be the fuel input system, considering that the SNCR and the flue gas cleaning system 
in plant B2 is quite sturdy. Therefore, the use of sludge is expected to be profitable for the 
company, in addition to being an environmentally friendly solution.  
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