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Abstract 

Sludge disposal is a worldwide problem due to increasing volumes and respective environmental regulations. Currently 

the most common ways to dispose sludge are agricultural use, disposal in landfills, incineration and sea dumping. By 

drying sludge volumes can be decreased and the respective heating value increased. Sludge mainly originates from 

wastewater treatment. The Swedish pulp and paper mills produce approximately 400 000 - 500 000 metric tons of dry 

sludge each year. This includes roughly 60 000 metric tons of dry biosludge which mainly consists of bacteria and is 

difficult to dry due to high amounts of intercellular water. New drying methods for biosludge are hence needed. The 

purpose of this project is to investigate the possibility to dry biosludge in a high-velocity cyclone dryer since the 

technology has been shown to be able to handle sticky materials. The sludge used in this project originates from the 

biological wastewater treatment at the pulp and paper mill Metsä Board Husum, located in Husum, Sweden.  

The achieved dry matter contents and the specific energy consumption have been examined and compared with 

established drying methods.  Design of experiments has been used during the trials for optimizing the information 

attained from a limited number of trials including effects of inlet air temperature, sludge feeding rate and recycling of 

drying air. The respective factors were varied in three steps and relevant temperature, pressure, humidity, flow and 

material mass values were measured for analysing the process.   

Models for attained dry matter content, specific energy consumption (total and of the fan), removed water and fan 

power were developed and had high statistical significance. The models showed that sludge dry matter content up to 

80% could be achieved. The total specific energy consumption was over 1.6 kWh/kg H2O, which is higher than for 

established drying methods, but the specific energy consumption of the fan was as low as 0.7 kWh/kg H2O. The specific 

energy consumption of the fan was used to approximate dryer operation with excess heat during which it could 

compete with all established drying methods.  

A case where the excess heat available at Metsä Board Husum would be used to dry generated biosludge was 

investigated and supported a need for a priority order between maximizing sludge dry matter content and minimizing 

specific energy consumption of sludge drying. If sludge dry matter content is prioritised alternative drying methods 

may prove more suitable. 

To attain a better understanding of the high-velocity cyclone dryer and drying of biosludge the evaporation energy of 

sludge at different dry matter contents, the effects of various sludge inflow temperatures and the effect of fan rotation 

speed should be included future investigations. 
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Sammanfattning 

Bortskaffande av slam har blivit ett världstäckande problem på grund av stora volymer och miljöreglering. De 

vanligaste sätten att bortskaffa slam är genom markanvändning, deponering, förbränning och dumpning i haven. 

Genom att torka slammet minskar volymen och värmevärdet ökar.  

Slammet har sitt ursprung i vattenrenings processer och svenska pappers- och pappersmassabruk producerar ungefär 

400 000 – 500 000 ton slam per år i torrvikt. Av dessa är ungefär 60 000 ton biologiskt slam som till största del består 

av bakterier och är svårtorkat på grund av den höga andelen intercellulärt vatten. För att torka biologiskt slam behövs 

nya torkmetoder och syftet med detta projekt vara att undersöka möjligheten att torka biologiskt slam i en cyklontork 

då cyklontorken kan hantera kladdiga material. Slammet som använts under projektet kommer från pappersbruket 

Metsä Board Husum. 

Torrhalten som kunde uppnås och den specifika energin har undersökt och jämförts med etablerade torkmetoder. 

Design of experiments användes för att optimera informationen som går att få ut från ett begränsat antal försök och 

påverkan av inluftstemperaturen, matningshastigheten av slammet och positionen av spjället i 

luftåtervinningssystemet har undersökts. Faktorerna varierades i tre steg och temperaturer, tryck, luftfuktigheter, 

flöden och vikter har mätts för att analysera processen.   

Modeller för torrhalten, den specifika energin (totalt och för fläkten), avdrivet vatten och fläkteffekten har beräknats 

med hög statistisk signifikans. Modellerna visar att upp till 80 % torrhalt kan nås. Den totala specifika energin ligger 

över 1.6 kWh/kg H2O vilket är högre än den specifika energin för etablerade torkmetoder men den specifika energin för 

fläkten kan understiga 0.7 kWh/kg H2O. Den specifika energin för fläkten kan approximera att torken körs med 

överskottsvärme och det är fallet kan cyklontorken konkurer med de etablerade torkmetoderna. 

Möjligheten att använda sig av överskottsvärmen på pappersbruket Metsä Board Husum för att torka deras biologiska 

slam har undersökts och en prioritering mellan hög torrhalt och låg specifik energi kommer behöva göras. Om hög 

torrhalt prioriteras kan andra torkmetoder vara att föredra. 

För att öka förståelsen för cyklontorken och torkning av biologiskt slam kan förångningsenergin för slammet vid olika 

torrhalter, effekten på torkresultaten från olika temperaturer på slammet in i cyklonen och effekten av olika effekter på 

fläkten undersökas. 
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1. Introduction  

Significant sludge quantities are generated worldwide and increasing environmental regulation 

regarding respective utilization and disposal has made sludge handling a global issue [3]. Sludge is 

currently used in agriculture, disposed of in landfills, incinerated and in some areas dumped in the sea 

but sea dumping has been banned in many countries [3]. A growing interest in agricultural use exists 

but potential heavy metals and pathogens in sludge can restrict this [3]. Incineration is interesting 

since it can greatly reduce the volume of sludge but landfilling for residual ash is still required [3]. 

Increasing energy prices additionally affect attitudes towards sludge disposal as sludge can be seen as a 

substrate for energy recovery instead of waste [5].  

Regardless of the disposal method the high water content is a problem as it increases sludge volume 

and decreases respective heat value. To reduce the volume and there by the transportation costs and to 

increase the heat value of sludge, removal of the water from wet sludge has become an important unit 

process [3]. 

A variety of different drying methods exist and a significant amount of studies regarding sludge drying 

have been published. These studies [6] show that biosludge from wastewater treatment is generally 

most problematic to dewater due to respective complexity in composition and moisture distribution. 

One of the major sludge producers is the wastewater treatment at pulp and paper mills due to a 

significant need for process water [7]. Swedish pulp and paper mills produce approximately 400 000 – 

500 000 metric tons of dry sludge each year from which circa 60 000 metric tons is biosludge [8]. 

According to Hippinen and Ahtila (2007) the recovery of solids in pulp and paper mill processes will 

increase causing a decrease in primary sludge and an increased share of biosludge. This will further 

increase the need for new drying alternatives for biosludge [9]. 

The high-velocity cyclone dryer produced by Airgrinder AB has been tested with several materials with 

different properties [10] including sticky materials. This makes it interesting to investigate if the high-

velocity cyclone could be used for drying of biosludge from the pulp and paper industry. 

1.1 Objectives  

The purpose of this degree project is to investigate the possibility to dry sludge in a high-velocity 

cyclone dryer and if it can compete with established drying methods with focus on specific energy 

consumption and achieved sludge dry matter content. The project is restrained to biosludge due to the 

difficulties to dry biosludge in a satisfying way and the need of new drying technologies for biosludge 

drying.  

The goal with this degree project is to: 

 Investigate established methods for drying of biosludge and their specific energy consumption 

and the achieved sludge dry matter content. 

 Clarify the fundamental theories of drying with a high-velocity cyclone dryer. 

 Explain the basics behind and use Design of Experiments (DOE). 
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 Execute trial runs with drying of biosludge, from the pulp and paper mill Metsä Board in 

Husum located in Husum, Sweden, in a high-velocity cyclone dryer pilot located at Biofuel 

Technology Centre (BTC), Umeå, Sweden, and analyse the results. 

2. Research problem 

To investigate the possibility of drying biosludge from pulp and paper industries the set-up pilot of a 

high-velocity cyclone dryer at the Biofuel Technology Centre (BTC) at the Swedish University of 

Agricultural Sciences in Umeå, Sweden was used for conducting experiments during May-June, 2014. 

To conduct the experiment biosludge from the aerobic wastewater treatment at the pulp and paper 

mill Metsä Board Husum was used. The objective was to produce reliable pilot-scale data to allow 

modelling of: 

1. Sludge dry matter content (%) as a function of process parameters (inlet air temperature, 

sludge feeding rate and recycling of drying air).  

2. Specific energy consumption (kWh/kg H2O) of drying as a function of process parameters 

(inlet air temperature, sludge feeding rate and recycling of the drying air).  

In addition the possibility to use the existing excess heat at the pulp and paper mill Metsä Board 

Husum (approximately 70 MW of low valued heat (70°C) in the wastewater all year around and about 

13 MW of low-pressure steam at 180°C and 5 bars during the summer [11]) to dry the about 120 tons of 

biosludge produced each day [12] will be investigated. Heat from the wastewater is preferable to use 

since it is constant during the whole year [11]. 

3. Background 

The following section will describe the basic theory behind the origin of the sludge, different drying 

technologies and the theory and advantages of design of experiments.   

3.1 Wastewater treatment and sludge 

The pulp and paper industry is water intensive and the consumption of water can be as high as 60 

m3/ton paper produced [7].  The high water consumption generates a great need of wastewater 

treatment since the raw wastewater can be polluting [7]. The wastewater contains dissolved wood and 

derived substances from the pulping and bleaching process and needs to be purified to reduce any 

possible impact om the nearby aquatic environment [7]. 

Purification of the wastewater is usually executed in two steps, primary and secondary treatment. The 

primary stage consist of mechanical treatment, usually by gravity settling [13] but flotation occurs[7]. 

Primary sedimentation removes cellulosic fibres, lignin and sand from the effluent[5] and can remove 

up to 80% of the suspended solids [7]. Primary sludge mainly consists of fibres, fillers and additives 

from the processes of the mill [9]. Primary sludge is easy to dewater and is suited both for material 

recovery and incineration [5].  

Secondary treatment are based on chemical or biological methods [13], where the biological treatment 

can be either  aerobic treatment or anaerobic treatment. Most Swedish pulp and paper industries have 
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a biological wastewater treatment unit [5] and the most common biological treatment is the aerobic 

activated sludge process [7].  Sludge from biological wastewater treatment methods is called biosludge. 

The secondary sludge is difficult to dewater mechanically and in case of incineration additional drying 

is often necessary to avoid operational problems such as feeding problems and decreasing bed 

temperatures [5]. 

3.1.1 Aerobic treatment  

In the activated sludge process, which is the most common aerobic process [7], the wastewater is 

mixed with recycled liquid containing a high amount of microorganisms in an aeration tank [14]. The 

microorganisms feeds on the organic contaminants in the wastewater and as they grow they form 

particles that clump together, these particles are called flocs [14]. The mixture is aerated to supply the 

required oxygen to the organisms and to provide the optimal contact between the dissolved and 

suspended organic matter and the microorganisms [14]. The aeration time depends on the treatment 

process and varies between 30 minutes to 36 hours and can be performed mechanically by splashing 

or by using a diffused system, bubbling [14]. 

After the aeration the mixture is fed to a clarifier where flocs are allowed to settle [14]. This leaves a 

relatively clear liquid free from organic material and suspended solids above the settled sludge [14]. 

The liquid is taped of to further treatment or to discharge while some of the sludge is returned to the 

aeration tank, to be mixed with new wastewater and sustain the process [14], and since the quantity of 

microbes increase during the process a part of the sludge is discharged [9], see Figure 1. The sludge 

consists of a mixed community of microorganisms where about 95 % is bacterial and the rest is 

protozoa, rotifers and higher forms of invertebrates[14] but also some solid material that passed 

through the mechanical treatment step [9]. 

 

Figure 1. Typical activated sludge process with bubbling [14]. 

Activated sludge processes produce a high quality effluent for reasonable low construction, operating 

and maintenance costs with relatively small land requirements [14]. One of the disadvantages with the 

process is the high energy demand for aeration which consumes approximately 50-65 % of the net 

power demand for a typical activated sludge wastewater plant[14]. Some other disadvantages are 

sludge with very variable settlement properties, sensitivity to shock loading and toxicity and limited 

capacity to remove poorly biodegradable toxic substances [7]. 
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3.1.2 Anaerobic treatment 

Anaerobic digestion is commonly used as secondary treatment of industrial wastewater but is not as 

common as the activated sludge process for the pulp and paper industry[7]. Anaerobic treatment is a 

multi-process of series and parallel reactions with four different steps, hydrolysis, acidogenesis, 

acetogenesis and methanogenesis [15], see Figure 2. A wide variety of anaerobic microorganisms is 

used to sequentially degrade the organic matter in the wastewater. The hydrolysis converts complex, 

undissolved material to less complex, dissolved compounds [15]. These compounds are converted into 

volatile fatty acids, alcohols, lactic acid, CO2, H2, NH3 and H2S as well as new cell material to the 

microorganisms [15]. In the acetogenesis the digestion products are converted into acetate, hydrogen 

(H2), CO2 and new cell material [15]. Finally the products from the earlier steps are converted into 

methane, CO2 and new cell material in the methanogenesis [15].  

 

Figure 2. Main stages in anaerobic treatment with centrifugal dewatering (see section 3.2.1) [16]. 

An important part of wastewater treatment is the immobilization of proper bacteria and for anaerobic 

treatment it is extra important since a well-balanced bacterial consortium is necessary for the process 

to work properly [15]. To immobilise the bacteria anaerobic filters or auto-immobilisation is used [15]. 

Auto-immobilisation means that the bacteria conglomerates with time and forms round shaped 

granular sludge with high  ability to settle [15]. 

Compared with aerobic treatment anaerobic treatment produces about 33 % less sludge [15], the 

chemical consumption is lower,  land requirements smaller, energy in form of methane gas can be 

reclaimed [7] and the highly energy demanding aeration is not needed. Some of the disadvantages are 

the need to balance the bacterial consortia , the sensitivity to over load the system, which can lead to 

odour problems and that energy rich methane, which is a greenhouse gas, risks to leak out to the 

atmosphere [15]. 
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3.1.3 Chemical treatment 

Chemical treatment uses coagulation and flocculation to remove impurities from the water [16]. 

Chemicals are added to the wastewater primary to neutralize the electrical charges on the particles in 

the wastewater and thus prevent repulsion [16]. The most commonly used chemicals are aluminium 

salts, iron(III) salts, iron(II) salts and lime [16]. The chemicals help small solid particles to form larger 

flocs that are easier to remove [16]. Rapid mixing is used to ensure a good mixture of chemicals in the 

wastewater, the particles will then starts to coalesce and form bigger particles, or flocs, and gentle 

stirring is used to avoid breaking the flocs and the effluent is led to a clarification unit designed for 

solid removal where the flocs are separated from the water, commonly by sedimentation, flotation or 

filtration [16]. To achieve good results it is often necessary to feed in a suitable polymer during the 

slow mixing stage to optimize the flocculation [16].  

Some disadvantages with chemical treatment are high operation costs, request of pH control and high 

amount of sludge produced [16]. The production of sludge is about ten times as large as for a 

conventional biological treatment [5] and since the sludge contains some of the chemical coagulants it 

cannot be reused in the process [16]. 

3.1.4 Sludge disposal 

The sludge produced in the wastewater treatment at pulp and paper mills is handled in several ways 

including recycling, disposal in landfills and incineration. Due to the limited recycling possibilities and 

strict regulations regarding  landfills, incineration is the main alternative for sludge disposal [9]. The 

ash content in the biosludge from different mills differs a lot, due to different amount of inorganic 

matter in the wastewater passing the primary treatment, additive feeding in biological treatment and  

age of the microbes in aeration, but is generally high compared with other fuels used in power plants of 

pulp and paper mills[9]. High sulphur content in sludge can cause problems and sulphur removal can 

be necessary if the amount of sludge in the fuel is high[9].   

Swedish pulp and paper mills  produces about 400 000 - 500 000 metric tons  of dry sludge each year 

whence about 60 000 metric tons is biosludge [8], see Figure 3.  
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Figure 3. Statistics from Swedish pulp and paper mill industries [8] 

The solid content and disposal of  the sludge differs for the different types of sludge and statistics for 

Swedish pulp and paper mill industries from 2012 [8] are found in Table 1. 

Table 1. Solid content and disposal statistics for Swedish pulp and paper mills 2012 [8] 

Sludge Fibre Bio Chemical Deinking 
Green 

liquor 

Template solid content [%] 30 25 40 60 50 

Disposal 

Incineration [%] 75 75 60 80 - 

Agricultural use  [%] 25 25 40 20 30 

Landfills [%] - - - - 40 

Other - - - - 30 
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3.2 Sludge drying  

Wet sludge from wastewater treatment plants have 

a moisture content  greater than 95 and the amount 

of water that can be removed in a dewatering and 

drying process depends on the method and the 

moisture distribution in the sludge [3]. The water 

can be divided into four different groups, free water, 

interstitial water, surface water and intracellular 

and chemically bound water [3], see Figure 4. Free 

water is not attached to the sludge and interstitial 

moisture is the free water trapped within the flocs of 

solids or exists in the capillaries of a dewatered cake 

[3]. Free water, interstitial water and part of the surface water are usually termed ‘free water’ and can 

be removed by mechanical methods while the rest of the water is termed ‘bound water’ [3]. Biosludge 

has a high amount of intracellular water due to the composition of bacteria and microorganisms [12]. 

To stop the microbial activity in biosludge a dry matter content of at least 70% is needed and a dry 

matter content of 85-90% is common [17]. This is important if the sludge is to be stored to avoid 

decomposition and there by production of methane in the storage container which can cause 

explosions [17]. 

In the following sections some drying methods are explained and a summary of their performances 

can be found in Table 2. 

3.2.1 Mechanical dewatering 

Mechanical dewatering is usually the first drying treatment step and there are several alternatives to 

do this including vacuum filters, belt filter presses, centrifuges, and presses [3]. Common to all 

methods is removal of the water by mechanical force usually by pressing the water through a porous 

filter or material impermeable for the solids. 

Some of the mechanical dewatering processes needs pre-treatment in form of conditioning, which can 

be organic or chemical addition, thermal treatment, freeze/thaw or bulking materials to improve the 

dewatering properties of the sludge [2]. However  conditioning can represent a significant cost in the 

sludge handling and increases the ash content [2]. The removed water from mechanical dewatering 

usually contain high amounts of impurities and need to be returned to the wastewater treatment [9].  

Vacuum filters 

Vacuum filters forces free water to pass through a porous media under vacuum and leaves the solids 

with the bound water on the surface of the media [3]. The most common vacuum filters consist of a 

large, horizontal rotating drum covered by a porous cloth and partly submerged in a vat of sludge. The 

filter operates under three zones; cake formation, cake dewatering and cake discharge [2], see Figure 

5. 

Figure 4. Moisture distribution in sludge [3]. 
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Figure 5. Vacuum filter [2] 

Vacuum filters have existed since late 1800s but is still used since a solid content of 30-50% can be 

achieved [2]. However this technique is not suitable for biosludge or chemical sludge [16]. 

Belt filter presses 

Belt filter presses consists of two or more porous belts that uses three mechanisms to dewater sludge, 

gravity draining, compression, and shear [2]. Gravity draining is necessary to allow compression 

without losing sludge of the edges of the belt and consists of a porous belt that allows free water to 

drain through the belt pores [2]. The compression zone consists of two belts that sandwiches the 

sludge and travels over rollers with decreasing diameter which creates compression and shear [2], see 

Figure 6. A solid content of 16-30% can be achieved for biosolids and the process is continuous [2]. 

Belt filter presses are very useful for both organic and inorganic sludge but chemically conditioning of 

the sludge is usually necessary [16].  

 

Centrifuges 

A typical centrifuge used for sludge dewatering is the solid bowl machine which operates continuously. 

These machines rely on centrifugal force and due to different densities the solids are separate from the 

Figure 6. Belt filter press [2] 
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liquid [2]. The machines consists of a rotating bowl with a conic-cylindrical shape and an internal 

rotating conveyor [2, 16], see Figure 7. The sludge is fed through the axis of the machine and due to the 

rotation the solids are forced towards the walls of the bowl [2, 16]. The conveyor rotates in a different 

speed than the bowl and carries the solids along the walls toward the narrow end of the bowl while the 

liquid is taped of in the other end of the bowl by gravity. [2, 16]. The bowl rotates in about 1 500-4 000 

rpm and the screw conveyor about 2-50 rpm slower [16]. The difference in speed between the conveyor 

and the bowl determine the residence time in the bowl [1]. A solid bowl centrifuge can achieve a solid 

content of 25-35% [2]. However the centrifuges can’t perform at their best with organic sludge and the 

energy consumption is fairly high [16]. 

 

Pressure filters 

There are two different types of pressure filters, fixed volume or variable volume machines [2]. Fixed 

volume presses pumps the sludge into a recess over a period of several hours to continuously increase 

the pressure and force the liquid through filter cloth [2]. Variable volume presses has a diaphragm 

behind the cloth media and by pumping in water or air into the diaphragm when the recessed 

chambers are filled, a higher pressure in the chamber can be achieved [2]. Filter presses works under 

pressures between 690 kPa and 1550 kPa while variable volume filter generally uses higher pressures 

and there by works more efficiently but are also more costly and requires more auxiliary equipment 

[2]. The pressure filter process is a batch process and there for requires storage and batch tanks to 

contain feed sludge in enough volume to fill the press and conditioning with lime and ferric chloride 

are commonly used [2]. Solid content in excess of 40% can be achieved [2]. 

Rotary presses 

Rotary presses consists of a channel with walls made up of rotating filter elements [2]. Biosolids are 

pumped into the channel and as the mechanism rotates, compression is created and the liquid is 

forced through the filter elements and the solids form a cake in the channel that is extruded [2], see 

Figure 8. To get proper dewatering polymer conditioning is necessary [2].  

Figure 7. Solid bowl centrifuge [1] 
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Figure 8. Rotary press [2] 

Screw presses  

In a screw press the sludge is pressed against the inside of a perforated casing or shell by a screw 

conveyor, causing the water to exit through the pores in the casing [16]. Pressure is created by 

employing either a conical screw, a conical shell or by installing plates at the discharge end [16]. The 

screw presses are manufactured in two different types, inexpensive, low-pressure machines for smaller 

installations where high solid content are not required, and high-pressure machines that can produce 

higher solid content. Low-pressure machines can achieve a solid content of 8-15% [2] while high 

pressure presses in general  can achieve a solid content of 25-45% [16]. The high-pressure presses 

often requires a solid content of 8-12% on the incoming sludge [16]. 

3.2.2 Thermal drying 

Thermal drying is based on evaporation and can be 

performed in direct, indirect or combined drying systems 

and a solid content of around 55% to nearly 95% can be 

achieved [3, 4]. Thermal drying of sludge is very energy 

intensive process and the drying rate will vary during the 

drying process [3, 4]. Normally the drying rate is constant 

at the beginning when the free water is removed and then 

followed by two falling rate periods which is believed to 

represent the remove of interstitial water and surface 

water [3, 4], see Figure 9 

Direct drying 

Direct drying uses convective heat and mass transfer to dry the sludge and can use temperatures up to 

1000°C without risking ignition and a high evaporation rate is possible due to the high inlet 

temperature [3]. Direct dryers are simple in design [3] and the sludge is dried by letting hot air or 

steam go through the sludge with direct contact causing the water in the sludge to evaporate [4].  Since 

the drying medium is in direct contact with the sludge the vapour must be separated from the drying 

medium, especially when the drying medium is recycled to save energy [3]. Typical direct dryers are 

Figure 9. Typical wastewater sludge 
drying curve [4] 
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rotary drum, flash, moving-belts, or centri-dryers [3].  The specific energy consumption and specific 

drying rates differs from one dryer to another and the specific energy vary between 700 kWh and 1 140 

kWh per ton evaporated water for belt dryers, between 900 kWh and 1 100 kWh for drum dryers and 

between 1 200 and 1400 for flash dryers and the specific drying rate varies from 0.2 - 1 kg/m2h for 

flash dryers, 3 – 8 kg/m2h for drum dryers and 5 - 30 kg/m2h for belt dryers [4].  

An advantage with direct thermal drying is thermal sterilization of the sludge that enables safe use for 

any purpose but odour problems can occur and needs to be handled [3].  

Indirect drying 

Indirect drying depends on conductive heat transfer where the sludge is heated by a heated surface 

which makes the interfacial behaviour of the sludge and the heated surface important [3]. Indirect 

dryers can not use as high temperatures as direct dryers which will give a lower solid content [3]. 

Typical indirect dryers are thin film, disc, and paddle dryers [4]. Single stage thin film dryers can 

achieve a final solid content of 65% and have a drying rate of 20-160 kg/m2h [3]. One of the most 

efficient indirect dryer types are vertical multistage tray dryers which both dries and pelletize the 

sludge and can achieve a solid content up to 95%  [3]. Some advantages with indirect drying is steam 

and odour confinement, and no pollution of the heat carrying medium [4]. 

The specific energy consumed varies from 800 - 900 kWh per ton of evaporated water for thin film 

dryers, 855 -955 kWh for disc dryers and 800 - 855 kWh for paddle dryers with the specific drying rate 

at 25 – 35 kg/m2h, 7 - 12 kg/m2h and 15 - 20 kg/m2h respectively [4]. 

Combined direct and indirect drying 

Some systems use both conduction and convection heat transfer One example is fluidized bed dryers 

where the heat for evaporation is supplied mostly from hot surfaces of thermal oil tubes [3]. Heated air 

of about 85°C do also provides some heat but mainly ensures that the sludge granulates stay in a 

fluidized state and there by enhance the heat transfer between the sludge and the hot tubes [3]. The 

wet sludge can be continuously fed and a solid content of 95% can be achieved by the fluidized bed 

dryer [3]. 

Solar energy drying 

To reduce the energy used for thermal drying solar energy can be used but the solar energy collectors 

requires considerable amount of land and may cause a difficult odour problem [3]. Solar drying is 

performed in beds, between 40 cm and 80 cm high, in open or closed tunnel green houses where the 

solar radiation is heating the surface of the sludge [4]. Ventilation or the wind is used to renew the air 

in the greenhouse and evacuate the humidified air [4]. To increase the heat and mass transfer the floor 

in the bed can be heated [4]. The specific energy needed to evaporate one ton of water in a solar dryer 

normally varies between 30 kWh and 200 kWh but can be as high as 1000 kWh [4]. 

Solar energy drying is still a subject of intensive studies since drying is considered as a high energy 

consuming process [4]. 
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3.2.3 Freeze drying 

Freeze dryers can be used to dry material sensitive to heat, like biological materials, pharmaceuticals 

and foodstuffs [18]. Freeze drying operates during three stages, freezing, primary drying and 

secondary drying [18]. During the freezing stage the material is cooled down to a temperature where 

the material is in a frozen state [18]. When the material is frozen a low pressure or high vacuum is 

applied to enable sublimation for the frozen solvent and the evaporated solvent is removed from the 

drying chamber, this is called the primary drying [18]. The secondary drying stage is necessary to 

remove bound water that did not freeze and therefor couldn’t be removed by sublimation during the 

primary drying stage. The bound water is removed by heating the material under vacuum [18]. Freeze 

drying is costly due to long drying times and need of high vacuum conditions which manly make it 

suitable for high-value products with specific biological of physicochemical properties [18].  

Bioactivities in the material can be preserved during freeze drying and the solid matrix remains after 

the drying which gives a porous, non-shrunken structure [18]. Freeze drying can give a dry matter 

content up to 85% for sludge [19]. 

3.2.4 Fry-drying 

Fry drying is a newly developed method for drying wastewater sludge where the sludge is put in direct 

contact with heated oil [4]. The heated oil evaporates the water and replaces the water in the sludge 

which dramatically increases the heating value of the sludge [20]. By adding the sludge right into the 

oil any problems with sticky materials are avoided and the high temperature of the oil sterilizes the 

dried product [4]. Fry-drying has a short drying time, no odour problems and can employ used oil but 

high temperatures are needed [4]. The specific energy consumption is about 888 kWh/t H2O but will 

give a product with high heating value [4]. 

3.2.5  Superheated steam drying 

Direct dryers or combined direct  and indirect dryer can be operated as superheated steam dryers 

which means that the drying medium has been exchanged with superheated steam to supply the heat 

for drying and remove the evaporated moisture [21]. Superheated steam dryers enable recovery of the 

latent heat in the dryer exhaust since the exhaust also is steam and a reduction of the net energy 

consumption to a fourth compared with corresponding hot-air dryers can be achieved [21]. It is 

necessary to have a useful application for the exhaust steam to achieve this reduction. The use of steam 

instead of hot-air prevents oxidation and combustion during the drying which means no fire or 

explosion hazards [21]. Some disadvantages with the superheated steam drying is a more complex 

system to avoid air leaking in to the dryer, longer duration time and the need to integrate the dryer in a 

system that can use the energy recovered from the steam [21]. A sludge dry matter content of 95% can 

be achieved with this technology [21].  
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3.2.6 High-velocity cyclone dryer 

High-velocity cyclone drying is an efficient and environmentally friendly  method to grind and 

dehydrate materials [22]. A high-velocity airstream is created by a powerful fan and lead into an air 

channel where the air is mixed with the material which is fed into the channel by a cell feeder or a 

screw conveyer [22, 23].  The mixture continues into a cyclone-formed devise where the airstream 

create an outer vortex next to the cyclone wall that rotates downwards[22, 23]. At the bottom of the 

cyclone funnel the airstream is turned and an inner upward going vortex is created [22, 23]. Small 

particles will  flow with the gas out at the top of the cyclone to a filter unit due to the drag-force while 

bigger particles will fall out at the bottom of the cyclone due to gravity [22, 23]. A slit in the upper 

outlet can be used to control the flow distribution to the filter unit [24]. 

 The change in radial velocity and pressure that occurs in the cyclone together with the high speed flow 

field  produces vibrations  in and collisions between the particles causing them to disintegrate[23, 25]. 

This enables convective drying in the circulated flow field in the cyclone that can occur at relatively low 

temperatures [24, 25]. 

Convective drying works due to simultaneous heat and mass transfer [26]. A fluid in motion, in this 

case the air, enhances both the heat and the mass transfer by removing the cold air with high 

concentration of  water near the surface of the sludge particles and replace it with warmer air with 

lower concentration of water from further away [26]. Since the water needs to vaporize the heat 

transfer is necessary to enable the mass transfer [26]. The evaporation rate can be expressed as Eq. 1 : 

  ̇                         (1) 

where        is the mass transfer coefficient,    is the surface area between the liquid water and the 

fluid and      and      is the densities of the water vapor at the surface and in the free stream, 

respectively [26]. The mass transfer coefficient depends on temperature, pressure, densities of the 

water vapour at the surface and in the free stream and the features of the flow [26]. Both heat and 

mass convection is complex due to the complications associated with features of fluid flows and 

therefore there are only experimental relations to rely on[26]. Particles in the flow affects the surface 

geometry, flow regime and flow velocity and vaporization causes variations in the fluid properties and 

composition [26].  For complex geometrics as the cyclone with particles in the flow it is impossible to 

calculate the evaporation rate exactly but to maximize the evaporation rate the temperature should be 

high, the pressure low, the difference in water vapour density high, the flow turbulent and the surface 

area large [26].  

The disintegration is important since the evaporation rate strongly depends on the surface area.  The 

drying performance increase with decreasing particle sizes since smaller particles means higher area to 

volume ratio. The size of the particles in the process differ due to the components in the material but 

typically inorganic particles are smaller than organic particles [25]. 

The rotation of the air-flow in the cyclone establishes a pressure field where the highest pressure is 

found closest to the walls of the cyclone [27]. The reduction in the rotational radius closer to the 

middle of the cyclone causes the tangential velocity to increase and since the increase in tangential 



EN1409      14 
Master thesis in energy engineering, 30 hp 

velocity causes a large radial acceleration a significant pressure drop occurs [27]. The low pressure in 

the middle of the cyclone draws air from the bottom of the cyclone which increases the up-flow in the 

cyclone.  The low pressure also lowers the boiling point for the water which decreases the energy 

needed for evaporation [26].  

Some of the benefits with the high-velocity cyclone dryer is that it can be used for different 

applications including drying of very sticky materials [22].  In excess of drying the material the cyclone 

helps to   grinds it and due to the rounded comminution the particles become rounded and easier to 

handle [22].  
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Table 2. Summary of data for different drying methods. 

Technology Type of 
Sludge 

Starting 
solid 
content 
[%] 

Received 
solid 
content 
[%] 

Specific energy 
consumption 
[kWh/tonH2O] 

Reference 

Vacuum filter Biosolids <51 30-50  Kukenberger, 1996 [2] 

Belt filter press Biosolids <51 16-30  Kukenberger, 1996 [2] 

Centrifuge Biosolids <51 25-35  Kukenberger, 1996 [2] 

Pressure filter Biosolids <51 >40  Kukenberger, 1996 [2] 

Screw press  Municipal 
biosolids 

<51 8-15  Kukenberger, 1996 [2] 

High-pressure 
presses 

 8-12 25-45  Dahl, 2008 [16] 

Belt dryer    

55-95 

700-1 140 Bennamoun et al., 2013 [4] 

Chen et al., 2002 [3] 

Drum dryer    

55-95 

900-1 100 Bennamoun et al., 2013 [4] 

Chen et al., 2002 [3] 

Flash dryer    

55-95 

1 200-1 400 Bennamoun et al., 2013 [4] 

Chen et al., 2002 [3] 

Thin film dryer   652 800-900 Bennamoun et al., 2013 [4] 

Disc dryer   55-952 855-955 Bennamoun et al., 2013 [4] 

Paddle dryer   55-952 800-855 Bennamoun et al., 2013 [4] 

Fluidized bed 
drying 

  95  Chen et al., 2002 [3] 

Solar energy 
drying 

   

~35 

30-200 (in some 
cases up to 

1 000) 

Bennamoun et al., 2013 [4] 

Chen et al., 2002 [3] 

Freeze drying  >2 45-85  FriGeo, 2014, [19] 

Fry-drying Wastewater 
sludge 

Industrial 
waste sludge 

 

 

20-35 

 

 

87-99 

888 Bennamoun et al., 2013[4] 

 

Ohm et al., 2009[20] 

Superheated 
steam drying 

Sewage 
sludge 

25 95  Mujumdar, 2007 [21] 

High-velocity 
cyclone dryer 

Fibre reject 46-51 52-92 500-2 2003 

1 500-3 100 

Mäkelä, 2013 [24] 

                                                             

1 Raw sludge [3] 

2 Single stage thin film evaporators [3] 

3 Only the fan power included 
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3.3 Design of experiments 

When conducting experiments an intuitive way to find the optimal value for different variables could 

be to investigate the variables one by one. This approach is called the COST approach.  With the COST 

approach it is impossible to find any interactions between variables since they are investigated one by 

one and a lot of experiments are needed for each variable. By instead carefully selecting sets of 

experiments, where all relevant variables are varied simultaneously, a limited number of experiments 

can provide information of all of the variables and the interactions between the variables at once. This 

is called design of experiments (DOE) [28]. 

DOE is commonly used by changing every 

variable between a high and a low value and 

then preform an experiment for all possible 

combinations of highs and lows. This will 

give    different combination where k is the 

number of variables and are called a   -

design [29]. The high and low values are 

often chosen symmetrically around a 

standard reference experiment. The 

standard reference experiment is usually 

called centre-point and is represented by the 

red dot in Figure 10 [28]. In an   -design 

without centre-point only linear relations can be found. This can lead to incorrect results if the 

relations are not linear.  By adding a centre-point quadratic relations can be found. Commonly 

replicated centre-points are added to not only find any quadratic relations but also allow an 

independent estimate of error to be obtained without affecting the usual effects estimated in a   -

design [29].  

When formulating a problem with DOE there are five main steps. First the objective of the 

experiments has to be defined. There are six different objectives, familiarization, screening, finding the 

optimal region, optimization, robustness testing and mechanistic modelling where screening (i), 

optimization(ii) and robustness testing (iii) are the most common [28].  

(i) Screening is used in the beginning of an experimental process to determine how 

influential the variables are to the investigated responses and to identify their appropriate 

range. Screening is also used to gain information on how to modify the settings of the 

important variables to improve the results. The benefit of screening designs is that few 

experiments are needed in relation to the number of variables.  

(ii) Optimization is used to predict the response values and extract detailed information 

regarding factors combined effects, to find the optimal experimental point. Optimization is 

based on a screening design but needs more experiments in relation to the number of 

investigated factors.  

Figure 10. A schematic picture of the 𝟐𝒌-design with three 
variables and a centre-point.  
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(iii) Robustness test are used before a product or a method is released to assure that the 

method is robust to small fluctuations in the variables or to understand how to alter the 

bounds of the variables so that robustness can be claimed even if non-robustness is 

detected. The method is determined to be robust if small changes in the variable have little 

effect on the response. 

The second step is to define the factors that can affect the experiment. The factors can be divided into 

controllable and uncontrollable factors where the controllable factors are the variables in the 

experiments and the uncontrollable factors are factors that are hard to control but likely to affect the 

results, such as ambient temperature and humidity. When the factors are defined the third step is to 

define the relevant responses [28]. 

Step four is to select a regression model. There is three main types of models according to Eq. 2-4 [28]; 

Linear:                                            (2) 

Interaction:                                                   (3) 

Quadratic:                      
       

                                   (4) 

where    are the different factors,   is the corresponding regression coefficient,     is the regression 

coefficient for the quadratic term and    is the regression coefficient for the interaction term.   

The quadratic model is the most complex and therefore requires most experiments and the linear is 

the most basic. The choice of regression model depends on the choice of objective. For a optimization 

design the quadratic regression model is required, for screening an interaction model are preferred but 

a linear model can work and for a robustness test a linear model is often enough [28]. 

Finally a design should be generated based on previous choices. The most common designs are full 

factorial, factional factorial or composite design, see Figure 11. In general full or factional factorial 

designs are used for screening, composite are used for optimization and factional factorial is used for 

robustness tests. Statistical software used for DOE usually propose a recommended design for the 

defined problem [28]. 

 

Figure 11. Examples of full factorial, factional factorial or composite design for three variables. 

When performing experiments there is a risk for systematically errors depending on time. To make 

sure that these errors don’t change the result the run order should preferably be randomized and if all 

of the experiments can’t be performed at the same occasion, blocking should be used. Blocking is a way 
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to divide the experiments in smaller groups in a systematically way to know which effect that is 

confounded with the different conditions for the blocks. This mean that it is possible to choose one or 

more interaction effects that is assumed to be insignificant for the results and confound the block 

effects with these instead of just randomize the blocks and risk that the block effects confound with  

the main effects [28, 29]. 

When the experiments are done the data is to be analysed in three primary steps. First the raw data 

have to be evaluated to get an overview of the results and, if any replicates are done, control if the 

variation seems to be to be small enough to be able to analyse the data. If the variation from the 

replicates is about the same size as the differences between the different experiment all the variation 

between the experiments can be due to experimental noise and the analysis will be uncertain [28]. 

The second step is to create a regression analysis and to interpret the model by calculating the effects 

and link the factors and the responses together. The goodness of fit (R2) and the goodness of 

prediction (Q2) are calculated for the model. R2 is a measurement of how well a regression model can 

be made to fit the raw data and can vary between 1, perfect fit, and 0, no model at all [28]. Q2 estimates 

the predictive power of the model by estimating each observation with a model fit to the rest of the 

observations and calculating the prediction error sum of squares,                       [30]. Q2 is more 

realistic and useful since it reflects the final goal of the modelling. Q2 vary between 1, perfect fit, and 

minus infinity [28].  

According to Eriksson L., et al, (2008) the goodness of fit can be calculated by Eq. 2: 

     
          

                 
                       (2) 

where                  is the total variation in the response, corrected for average, and            is the 

amount of variation that can not be modelled. The goodness of prediction is computed in the same 

way, the only difference being that                        is used instead of           , according to Eq. 3 

[28]:  

     
                     

                 
                        (3) 

For more details regarding the calculations see Appendix 1. 

To indicate a good model the difference between R2  and  Q2  should be less than 0.2 - 0.3 and Q2  

should be greater than 0.5 [28]. To further analyse the model an analysis of variance (ANOVA) can be 

calculated. The ANOVA shows source of variation with associated sum of square, degrees of freedom 

and mean square where the sources is total, regression and error of residual, where error of residual 

can be divided into lack of fit and pure error. By locking at the F-distribution of the ratio between the 

mean square of the regression and the mean square of the residual respectively the lack of fit and the 

pure error the probability for regression and lack of fit can be calculated [30], see Appendix 1.  

By plotting observed values versus values predicted by the model systematic errors and outliers can be 

found. For a perfect model all point in the plot will occur on a diagonal straight line as the predicted 

value will be the same as the observed value for all point. All points randomly distributed relatively 

close to the diagonal indicate a good model. Single point farther from the diagonal can indicate an 



EN1409      19 
Master thesis in energy engineering, 30 hp 

outlier which is an observation that differ considerably from the rest of the observations [29].  Another 

way to indicate outliers is to calculate the standardized residuals for all the observation,    (see 

Appendix 1). The standardized residuals for most of the observation should be in the interval      

  [30]. 

If the model is good enough it can be used to gain a better understanding of the modelled system, 

decide if further testing is needed and if so decide appropriate settings for the variables or to find 

optimal settings for the modelled system. For all the steps in the analysis there is a lot of graphical 

tools to elucidate the effect, variance, interactions and so on [28].  

4. Experimental 

The experiments were executed with a pilot high-velocity cyclone dryer (see Figure 12) at Biofuel 

Technology Centre (BTC) in Umeå, Sweden during May and June 2014. 

 

Figure 12. Schematic over view of the pilot high-velocity cyclone dryer, 
 where M represents measurement points. 

Measurement equipment to measure ambient temperature and humidity, temperature, pressure and 

humidity before the fan, temperature and pressure after the fan, temperature, pressure and humidity 

after the cyclone, temperature and pressure in the air recirculation pipe and temperature, pressure and 

humidity after the filter unit were installed in the set-up. Pitot tubes were installed to measure the 

dynamic pressure in the middle of the pipe before the fan, in the air recirculation pipe and after the 

filter unit. A power capacity meter measures the power of the fan. 

4.1 Materials 

Biosludge from the biologic wastewater treatment process at the pulp and paper mill Metsä Board 

Husum were dried during the experiment. Metsä Board Husum is a sulphate pulp and paper mill and 

produces about 810 000 t/a paper and 750 000 t/a bleached kraft pulp [31]. The biological wastewater 

unit uses an aerobic process and produces about 120 t/d of biosludge [12].  
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4.2 Methods 

The experiments were executed in a face centred cubic optimization design in three levels according to 

Figure 13, with the factors inlet air temperature, sludge feeding rate and recycling of drying air. To 

investigate if the uncontrollable factors, ambient temperature, ambient humidity and the moisture 

content of the feed material affected the results they were measured. To avoid    disturbances in the 

system no trials were executed with the highest feeding rate and the lowest temperature as shown in 

Figure 13, due to complications with the material. If the material does not get dry enough it will stick 

to the sides of the cyclone which is assumed to be the case for the highest feeding rate and lowest 

temperature.  In excess of the design experiments four verification trials where done, two at 60°C, 150 

kg/h and valve position 3 and two at 80°C, 200 kg/h and valve position 3. 

 

Figure 13. The used experimental design.  

The inlet air temperature was regulated by the feeding rate of fuel to the combustion unit used to heat 

the air. The temperatures used in the design were 50, 70 and 90°C. The temperature was measured by 

a thermocouple in the inflow air channel before the fan. 

The biosludge were feed to the cyclone by a screw pump and the feeding rate was regulated by the 

rotation speed of the pump. The feeding rate were assumed to be constant and measured by measuring 

the start and end weight in the feeding pocket and duration time for each trial. The feeding rates used 

in the design were 100, 175 and 250 kg/h. 

Recycling of drying air was regulated by a valve in the air recycling pipe. The valve was set to three 

different, equally distant, positions 1, 2 and 3, where 1 represented nearly closed and 3 represented 

fully opened.     

The investigated responses where sludge dry matter content, specific energy consumption of drying 

(total and for the fan), removed water during drying and fan power consumed during drying and 

quadratic regression models were used. The trials were run on several days but due to uncertainty in 

possible amount of trials a day and the high amount of days blocking was not possible. The run order 
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was partly randomized but, since changing the temperature was time consuming, trials executed at the 

same day were run at the same or decreasing temperature. 

The factors were set and the process run until stable before each trial were started. Each trial had a run 

time of five minutes. Three samples of the accept material and one sample of the feed material were 

collected during the trial. The accept samples were collected around 00:30, 02:30 respectively 04:30 

minutes in to the trial.  The weight of the accept material were measured after each trial and the weight 

difference in the feeding pocket were registered. Temperatures, pressures, humidities and the power of 

the fan was logged to at computer during the trials according to Figure 12 and the local pressure were 

collected form TFE's Weather station at Umeå University [32].  

4.2.1 Material analyses 

To analyze the dry mater content (DMC) in the dried sludge one sample of each of the accept samples 

and three samples of the feed sample, each of at least 300 g4, where weighted, dried and then 

reweighted. The samples were dried in a drying cabinet at about 105°C until completely dry.  

Samples of the sludge were also sent to laboratory testing to determine ash content at 550°C, 

according to method SS-EN 15403 and effective heating value, according to method SS-EN 15400. The 

heating value for different dry matter contents can then be calculated according to Eq. 4 [33]:  

                                    (4) 

where      is the effective heating value for dry, ash free solids,    is the ashcontent and      is the 

vaporization heat for pure water at normal pressure and temperature. 

4.2.2 Data analysis 

From the measured mass flows, temperatures, pressures, dynamic pressures and air humilities the 

sludge dry mater content (DMC), the total specific energy consumed during drying (SEtot), the specific 

energy consumed during drying by the fan (SEfan) and the amount of removed water during drying 

(RemH2O) were calculated, according to Appendix 2. The responses were modeled to find the relations 

with the inlet air temperature (Temp), the sludge feeding rate (Feed) and the recycling of the drying air 

(Val). 

To determine the right model and find the significant terms in the model the statistical program 

MODDE where used. When the significant terms were found a design matrix with coded variables 

were created in MATLAB for each of the investigated responses and the models, with related statistical 

constants to determine the goodness of the model, where calculated according to Appendix 2. 

The software Origin was used to make conceivable plots of the results. 

                                                             

4 Some exceptions were made from this due to shortage of material. 
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5. Results 

In the following section the results from the trials will be represented. The calculations is based only 

on the accept sample without taking the reject into account since no measurements were done on the 

reject.  Some of the trials were rerun since the DMC for the three accept samples differed which means 

that the process was not steady. Only the results from the steady trials were used to create the models. 

5.1 Inlet material 

 The DMC of the inlet material differed between 8.8 and 9.5 % and hade an average dry of 9.1 %. The 

ash content were measured to 17 % of the dry solids (DS) and the effective heating value 21.95 MJ/kg 

DS, ash free. 

5.2 Sludge dry matter content 

The achieved DMC differed between 18.8 and 68.3 % and can be predicted by equation 5: 

   (         )                                               

                                                                  (5) 

 where  

      
              

     
         

              

     
        

            

    
   

                                                          

                                       

                                

An ANOVA table for the model can be found in Appendix 3 and standardized residual and observed vs. 

predicted plots can be found in Appendix 4, where the red dots represents the verification trials. 

The achieved result is shown in Figure 14. 
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Figure 14. Predicted dry matter content at valve  
position 1-3 versus temperature (°C) and feeding rate (kg/h) 

5.3 Specific energy consumption of drying 

The achieved specific energy consumption of drying for the heating and the fan (total) differed 

between 1.31 and 4.36 kWh/kg H2O with an average of 2.58 kWh/kg H2O and can be predicted by Eq. 

6. The achieved specific energy consumption for drying for the fan only differed between 0.61 and 1.72 

kWh/kg H2O with an average of 1.03 kWh/kg H2O and can be predicted by Eq. 7. 

                                                                       (6) 

                                                                         (7) 

An ANOVA table for the models can be found in Appendix 3 and standardized residual and observed 

vs. predicted plots can be found in Appendix 4, where the red dots represents the verification trials. 

The achieved result for total specific energy consumption is shown in Figure 15 and the specific energy 

consumption for the fan (independent of the valve position) is shown in Figure 16. 

 

Figure 15 Predicted total specific energy at valve  
position 1-3 versus temperature and feeding rate. 
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Figure 16. Predicted specific energy for the fan  
versus temperature and feeding rate. 

5.4 Fan power consumption during drying 

The achieved fan power consumption during drying differed between 111.01 and 127.71 kW with an 

average of 119.75 kW and can be predicted by Eq. 8: 

                                                                  (8) 

An ANOVA table for the models can be found in Appendix 3 and standardized residual and observed 

vs. predicted plots can be found in Appendix 4, where the red dots represents the verification trials. 

The achieved result for the fan power (independent of the valve position) is shown in Figure 17. 

 

Figure 17. Predicted fan power versus temperature and feeding rate. 

5.5 Removed water during drying 

The achieved amount removed water during drying differed between 5.55 and 9.47 kg H2O/kg DS with 

an average of 7.38 kWh/kg H2O and can be predicted by Eq. 9: 
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                                                           (9) 

An ANOVA table for the models can be found in Appendix 3 and standardized residual and observed 

vs. predicted plots can be found in Appendix 4, where the red dots represents the verification trials. 

The achieved result for the amount of removed water is shown in Figure 18. 

 

 

Figure 18. Predicted amount removed water at valve position 1-3 
versus temperature and feeding rate. 

5.6 Sludge heating value 

Equation 4 together with the ash content and heating value from the laboratory tests gives the effective 

heating values per kg undried sludge according to Figure 19. The value calculated with Eq. 4 is 

multiplied with the mass of dried sludge per mass unit of undried sludge (DMC at 9.1%) to give the 

heating value per mass unit of undried sludge. 

 

Figure 19. Effective heating value per kg undried sludge 
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6. Discussion  

In the following part the results from the experiments will be discussed.  

6.1 Sludge dry matter content 

Figure 14 shows that higher inlet air temperatures and lower sludge feeding rates gives higher sludge 

dry matter contents as expected but it also shows that the driest results are achieved at valve position 

2. A fully opened valve will give a high flow in the air recycling system which will lead to a higher 

concentration of the colder and more damped air in the cyclone. At the same time a higher air 

recycling flow will lead to a stronger upward going flow in the cyclone that can increase the duration 

time for the sludge and thereby increase the DMC. The higher dry matter content at valve position 2 is 

probably due to a balance between the amount of cooler, more damped air and the duration time for 

the sludge in the cyclone. The difference between valve position 2 and 3 are small especially at low 

feeding rates which can indicate that the optimum valve position is somewhere between 2 and 3 for 

lower feeding rates and closer to 2 for higher. The lower optimal air recycling at high sludge feeding 

rates is probably due to the higher amount of vaporized water in the recycling air. 

According to the model a dry matter content of 80% can be achieved with the optimal settings. 

The lowest dry matter content achieved during this project was 18.8% and the trials with 50°C and 250 

kg/h were not possible to run due to the sticky material. This indicates that a dry matter content of at 

least 20% is desirable to avoid stuck up problems which also agrees with Hippinen and Ahtila (2007) 

[9] who found that activated sludge from a pulp and paper mill hade a sticky phase between 10-20%.  

6.2 Specific energy consumption of drying 

Figure 15 shows the total energy needed to evaporate one kilogram of water from the sludge. The figure 

shows that to minimize the energy consumption the sludge feeding rate should be high the inlet air 

temperature low and the valve fully opened (position 3). High sludge feeding rate gives a high mass 

flow of water in to the cyclone which enables a high evaporation since there are a lot of water to 

evaporate. The low temperature give a lower energy consumption since less air heating is needed. In 

contrast to the dry matter content the total specific energy is linearly dependent of the valve position 

and lowest energy consumption is found at valve position 3.  

The lowest energy consumption are achieved at 70°C, 250 kg/h and valve position 3 and is closely to 

1.5 kWh/kg H2O which can be compared with the vaporization heat, for pure saturated water at 

normal temperature and pressure, of 0.682 kWh/kg H2O [26]. The enthalpy of vaporization for the 

water in the sludge is higher than for pure water since a lot of the water is bound to the solid particles 

(interstitial water, surface water, intracellular water and chemically bound water). To vaporize this 

water energy is first needed to break those bounds. The amount of energy needed for this is unknown 

since the distribution of the water in the sludge is unknown. Impurities in the sludge can also cause the 

boiling point of the water to rise which can cause further need of energy to vaporize the water [9]. 

However a lot of the added energy will be lost with the humid exhaust air. The temperature of the 

humid air after the cyclone is almost as high as or higher than the temperature of the air before the 
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fan. The possibilities of reusing the heat of the exhaust air to heat the air before the fan should be 

investigated. 

A comparison between the sludge dry matter content and the total specific energy consumed during 

drying shows that the lowest specific energy is interrelated with the lowest achieved dry matter 

content. This can be explained with the water distribution in the sludge. The first water to evaporate is 

the least bound water that needs less energy to evaporate. The higher the dry matter content gets the 

higher energy will be needed to evaporate one kilogram of water which conforms to Figure 9. 

To illustrate the case where excess is used to heat the air before the fan the specific energy consumed 

by the fan during drying can be used. Figure 16 shows that in contrast to the total specific energy 

consumed the specific energy consumed by the fan are lower for higher temperatures due to higher 

evaporation rate at the higher temperature and no energy for heating included. It is also possible to see 

in Figure 17 that the power consumed by the fan is lower at higher temperature and feeding rate which 

contributes to the lower specific energy consumed by the fan with those conditions.  

The specific energy consumed by the fan has a range between 0.7 and 1.6 kWh/kg H2O according to 

Figure 16 and the total specific energy has a range between 2.0 and 4.0 kWh/kg H2O according to 

Figure 15. Compared with the specific energies for established drying methods presented in Table 2, 

where the belt dryer has the lowest specific energy at 0.7-1.14 kWh/kg H2O (solar drying excepted) and 

the flash dryer has the highest specific energy at 1.2-1.4 kWh/kg H2O, the high-velocity cyclone dryer 

can compete with the established drying methods if  excess heat is used for heating the air and optimal 

settings is used for the inlet air temperature, the sludge feeding rate and the drying air recycling.  

6.3 Removed water during drying 

Figure 18 shows that the amount of removed water per mass unit of dry solid during the drying varies 

between 5.0-9,5 kg H2O/kg DS. The average amount of water per mass unit of dry solid in the undried 

material was 10.0 kg H2O/kg DS which means that even for the lowest amount of removed water at 

least half of the starting amount of water is removed. It is important to remember that an increased 

DMC from 10 to 20% reduces the water amount with half and thereby the mass and volume is 

significant reduced.  

6.4 Sludge incineration 

Figure 19 shows the theoretical energy, at different DMCs, which can be reclaimed per mass unit of 

undried sludge if the sludge is to be incinerated.  The figure shows that the heating value increases 

rapidly for lower DMCs and slower at higher DMCs. Already at 22% DMC 50% of the maximal energy 

can be reclaimed. This is due to the increasing heating value combined with the decreasing weight. 

This have to be taken into account to determine the desired dry matter content, if the sludge is to be 

incinerated since drying the sludge to a high DMC  may take more energy than it gives. It is also 

interesting to know if flue-gas condensation is used in the unit where the sludge is to be incinerated 

since flue-gas condensation reclaims a lot of the heat needed to evaporate the water in the fuel and 

more moist fuels can be used without great energy losses [17].  



EN1409      28 
Master thesis in energy engineering, 30 hp 

A dryer material will decrease the mass and the volume of the sludge which enables a higher 

incineration rate in already existing incineration units without overload them. If the sludge is to be 

stored a DMC of at least 70% are still needed to avoid microbial activity. 

6.5   Operational scenario at Metsä Board Husum 

If the excess heat from the wastewater at the pulp and paper mill Metsä Board Husum is to be used to 

heat the air the maximal temperature is 70°C and the energy amount is estimated to 35 MW [11]  based 

on the assumption that a heat exchanger with a degree of efficiency of at least 50% is used. Five tons of 

sludge is to be dried each hour with about 10% dry solids which gives an amount of water of 4.5 

tons/h. The highest total specific energy consumed at 70°C is 3.6 kWh/kg H2O (including heating and 

fan). By multiplying the maximal total specific energy consumed with the total amount of water per 

hour the maximal energy need of 16.2 MW is achieved. This is far less than 35 MW and indicates that 

the energy amount in the wastewater is high enough to meet the need for heating the air in the dryer to 

70°C, even in the worst case scenario.  

Figure 20 represents the sludge dry matter content that can be achieved at 70°C and Figure 21 

represents the specific energy consumed by the fan during drying at 70°C. Figure 20 shows that a 

sludge dry matter content above 70% cannot be reached at 70°C. Comparing the figures concludes that 

a high dry matter content will lead to a high specific energy consumed by the fan and high dry matter 

content or low specific energy consumed has to be prioritized. To achieve sludge dry matter content 

above 50% the feeding rate has to be below 120 kg/h. This will give a specific energy above 1.3 kWh/kg 

H2O which is higher than most of the established drying methods and can only compete with the flash 

dryer and a dryer with at least 42 times higher capacity than the pilot set-up at BTC will be needed to 

dry all the produced biosludge. 

If instead a low specific energy consumption for the fan is prioritized a specific energy consumption 

under 0.9 kWh/kg H2O, which can compete with most of the established methods, can be achieved if 

the feeding rate is above 200 kg/h but that will only give a dry matter content of 20-25%. A dryer with 

about 25 times higher capacity than the pilot set-up at BTC will be needed to dry all the produced 

biosludge. 
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Figure 20. Sludge dry matter content (%) versus sludge feeding rate (kg/h)  
and valve position at 70°C. 

 

Figure 21. Specific energy consumed by the fan (kWh/kg H2O)  
versus feeding rate (kg/h) and valve position at 70°C. 

During the summer it is possible to use heat from low-pressure steam at 180°C and 5 bars to further 

increase the temperature of the inlet air, from 70°C to 90°C (or higher). This will enhance the sludge 

dry matter content achieved and lower the specific energy consumed by the fan, see Figure 22 

respectively Figure 23.   
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Figure 22. Sludge dry matter content (%) versus feeding rate (kg/h)  
and valve position at 90°C. 

 

Figure 23. Specific energy consumed by the fan (kWh/kg H2O)  
versus feeding rate (kg/h) and valve position at 90°C. 

Figure 22 shows that it is possible to reach a sludge dry matter content above 70% during the summer 

if the low-pressure steam is used to increase the inflow air temperature. Figure 23 shows that such a 

temperature increase would decrease the specific energy for the fan and thereby the electricity used. 

The problem with this solution is a more complex installation and a higher installation cost since heat 

exchanging with both the wastewater and the low-pressure steam is necessary.  
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6.6 Significance of the models 

In the ANOVA tables in Appendix 3, the goodness of fit (R2) and the goodness of prediction (Q2) can 

be found together with the regression probability and the lack of fit probability. The difference 

between the goodness of fit and the goodness of prediction is less than 0.2 and the goodness of 

prediction are considerably larger than 0.5 for all models, which indicates good models. The 

probability that the response is independent of the variables is much less than 0.01 for all the models 

which means that the responses are dependent on at least one of the variables with 99% significance. 

The lack of fit probability is larger than 0.05 which means than there is no significant proof than the 

errors is due to lack of fit, with a significance level at 95%. 

The observed versus predicted plots in Appendix 4 shows a random distribution close to the diagonal, 

without any curvature tendencies which indicates good models with only random errors. For the 

Removed Water model however the verification dot are further from the diagonal than the rest of the 

dots which can indicate lack of fit or systematic errors in the experimental arrangement.  

The standardized residual plots in Appendix 4 show that there are not any outliers detected. However 

the verification dots for the Remover Water model is close to three and are further from zero then the 

rest of the dots. This indicates a small systematical error in the model.  

6.7 Sources of error  

For all the calculations the reject material has been neglected since no measurements on either the 

mass or the dry matter content of the reject where possible to make and mass balance calculations 

where misguiding due to the low amount of material to the reject combined with the low accuracy of 

the scale measuring the mass flow of the feed material. With a higher accuracy on the scale the mass 

balance can be used to calculate the amount of dry solids to the reject but any material losses in the 

process or material stack up in the cyclone and feeding systems will then be counted to the reject.  

The air flows are turbulent which causes problems when measuring the flow velocity. The flow velocity 

is measured with a pitot pipe in the middle of the pipe. The logged data shows big variations in the 

flow velocity which indicated low accuracy. The measured value is also used as mean flow in the 

calculations even though it theoretically is the maximal flow. This approximation is done due to 

complications of measuring the flow profile and since the error from the low accuracy probably is 

bigger than the error of this approximation.  

The mass of the accept material is measured with three plastic bags, used for taking samples in, which 

gives a bit to higher mass. This can be a problem with the trials were the accept material is dryer since 

that leads to a lower mass of the accept material and a bigger percentage error. This could have been 

avoided if the mass the bags were measured before the trial and subtracted from the mass of the accept 

materials.  

The temperature of the inlet sludge was not measured and since heating one kilogram of water one 

degree takes about 4.2 kJ this can influence on both the achieved dry matter content and the specific 

energy.  
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7. Conclusions 

This project has shown that: 

 It is possible to dry biosludge from the wastewater treatment at pulp and paper mills in high 

velocity cyclone dryers but a achieved sludge dry matter content above 20% is needed to avoid 

clogging in the cyclone. 

 A sludge dry matter content of above 70% can be reached. 

 Based on the specific energy consumed the high-velocity cyclone dryer can concur with 

established drying methods if the air is heated with excess heat. 

 The excess energy in the wastewater at Metsä Board Husum is enough to dry the produced 

biosludge but the low temperature restricts the achieved dry matter content and a dry matter 

content of 70% can’t be reached. A prioritization between high dry matter content and low 

specific energy for the fan will be needed and if high dry matter content is prioritized 

alternative drying methods may prove more suitable. By using the heat from the low-pressure 

steam the performance can be improved during the summer but the installation will be more 

expensive.  

 

8. Future recommendations 

To get a better understanding of the drying of biosludge in high-velocity cyclone dryers the following 

could be interesting to investigate: 

 The influence of the dry matter content on the evaporation energy for the sludge. By 

investigate the evaporation energy for different dry matter contents it may be possible to 

determine the water distribution in the sludge, the amount of free water, interstitial water, 

surface water and intracellular and chemically bound water.  

 The effects of changing the power of the fan. Changing the power of the fan will change the 

velocity of the air and thereby the pressure in the cyclone and the duration time for the sludge 

in the cyclone. 

 The dependents of inlet material temperature on the dry matter content and specific energy. 

The material used in this project was stored in a cooler container between the trials and 

therefore had a low temperature before entering the dryer and the possibility to improve the 

performance of the dryer by preheating the sludge is interesting. The results should be 

compared with the temperature of the sludge after mechanical dewatering. 
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Appendix 1: Math behind DOE 

According to R.H. Myers et al. (2009) [30] DOE builds on the theory that the responses can be 

expressed as equation (I)   

           (I) 

where 
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where   is a vector       containing the response for a set of   experiments,   is the corresponding 

model matrix       with   terms in the model including a constant represented by the first row in the 

matrix that containing only ones.   is a vector       containing the regression coefficients and   is a 

vector       containing random error for each experiment. 

To build a model   is approximated by finding the least square estimator,    ̂, that minimizes 

equation (II) [30]. 

  ∑   
  

                        (II) 

Which can be written as equation (III) 

                           (III) 

Since       is a scalar its transpose            is the same scalar, which gives equation (IV) 

                          (IV) 

By derive equation (IV) the minimum can be found according to equation (V)  

  

  
|
 
                     (V) 

Which gives equation (VI)  

                (VI) 

  can be calculated according to equation (VII) 

                 (VII) 

The fitted regression model becomes  

 ̂         (VIII) 

The differs between the fitted value and the observed value can estimate the random error  ̂    [30]. 

     ̂       (IX) 
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Evaluating the model 

To evaluate the created models the following parameters can be calculated.  

The total sum of squares [29]:       ∑   
       ̅                       (X) 

The sum of squares for the residuals [30]:           ∑       ̂
 
      ∑   

  
                         (XI) 

The sum of squares for the regression [30]:                                     (XII) 

The regression can be divided into pure error and lack of fit.  

The sum of squares for the pure error [30]:       ∑ ∑ (     ̅ )
   

   
 
                  (XIII) 

where   is the number of replicates at the  th position (         ) in the design,   is the total 

number of levels ,     is the  th observation (          ) on the  th level, and   ̅ is the mean of the    

observations on the  th level. 

The sum of squares for lack of fit [30]:                                 (XIV) 

The estimated variance [30]:    ̂  
     

   
                    (XV) 

From the sum of squares the mean square can be calculated according to equation (X) [28]. 

    
   

   
     (XVI) 

where   is the degrees of freedom. 

The goodness of fit the adjusted goodness of fit and the goodness of prediction can be calculated 

according to equation (XVII)-(XIX) [28]. 
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       (XIX) 

Where                      can be calculated according to equation (XX) 

                      ∑
      ̂ 

 

      
 

 
          (XX) 

and    is the ith diagonal element of the Hat matrix,           . 

The standardized residual can be calculated according to equation (XXI) and the standard deviation 

can be calculated according to equation (XXII) [30]. 

   
  

 ̂
     (XXI) 

 ̂  √          (XXII) 

A standardized residual greater than absolute value of three,     | |,  indicates outliers and need to 

be carefully examined [30]. 
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Test for significance 

The significance of the regression can be tested with the following hypothesis  

                

         for at least one   

And the test coefficient according to equation (XXIII)  

   
     

     
     (XXIII) 

   can be rejected if               , where   is the significance level, or if the corresponding P-value 

   is smaller than  . Rejecting    implies that at least one regression variable contributes significantly 

to the model [30]. 

In similar way it is possible to test for lack of fit with the following hypothesis. 

      ̂      ∑     

   

   

 

      ̂      ∑     

   

   

 

And the test coefficient according to equation (XXIV)  

   
     

    
     (XXIV) 

   can rejected if               ,where   is the significance level or if the corresponding P-value    is 

smaller than  . Rejecting    implies that there is a significant lack of fit in the model and additional 

variables maybe influencing on the response.  
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Appendix 2: Equations 

Measured values Symbol Unit 

Weight of the feeding pocket at the start of the trial             kg 

Weight of the feeding pocket at the end of the trial           kg 

Weight of the dried accept         kg 

Weight of the sample used for drying         kg 

Weight of the dried sample                kg 

Run time for trial    h 

Ambient temperature      kg 

Temperature before the fan     °C 

Temperature after the fan     °C 

Temperature of the recycling air     °C 

Temperature after the cyclone     °C 

Temperature after the filter unit     °C 

Ambient pressure      Bar 

Pressure before the fan      Bar 

Pressure after the fan     Bar 

Pressure in the air recycling pipe     Bar 

Pressure after the cyclone     Bar 

Pressure after the filter unit     Bar 

Dynamic pressure before the fan      mbar 

Dynamic pressure of the recycling air      mbar 

Dynamic pressure after the filter unit      mbar 

Ambient relative humidity       mbar 

Relative humidity after the cyclone      mbar 

Relative humidity after the filter unit      mbar 

Fan power      kW 

For the calculations all pressures are converted to Pa all temperatures to K. The humid air is estimated 

to ta an ideal incompressible gas during the calculations. 
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DMC 

Dry matter content is the mass based amount of dry solids in the sample. 

    
   

       

 

                  

Specific energy consumption of drying 

Specific energy is the amount of energy needed to remove on kilogram of water. The total specific 

energy is calculated on the sensible heating of the air from ambient temperature to the temperature 

before the fan plus the energy consumed by the fan.  

      
          

 ̇       

 

where the amount of removed water can be calculated according to following, if the moisture in the 

reject is assumed to be negligible. 

 ̇         ̇          ̇           

 ̇         (         )   ̇     

 ̇     
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The heating power can be calculated as following. The mass flow is calculated from temperature, 

pressure and dynamic pressure and multiplied with the specific heat for the humid air and the 

temperature difference. 

       ̇    

  
  

 
    

    

          
            

      

            

where    is the standard conditions for temperature (293,15 K) and    is the standard conditions for 

pressure (101 325 Pa) and the absolute moisture in the air can be calculated as following 

     

  

  
             

                 

 

  is the molar mass for water (18,01 g/mol)  is the molar mass for air (28,9645 g/mol)According to 

the Antoine equation  

        
  (

 
      

)
 

A, B and C are constants 
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   is the temperature dependent specific heat for water vapour and   is the temperature dependent 

specific heat for air in kJ/kg K.    and   can be calculated as following according to Mujumdar 2007, 

pp. 59. 

                               

                               

                     

                             

                           

                             

The density of the humid, ambient air can be calculated as following 

                  
      

      (
  

  
)

 

   is the specific gas constant for water (461,66 J/kgK) and    is the specific gas constant for air 

(287,06 J/kg K) 

According to the ideal gas law 

         
    

       

 

According to the combined gas law the volume flow in standard conditions for temperature and 

pressure can be expressed as following 

 ̇      ̇  

   

   

 
  
  

 

where the actual flow can be calculated from the cross-sectional area of the pipe and the mean velocity 

in the pipe. The mean velocity is estimated with the velocity measured by the dynamic pressure since 

the flow was very turbulent and the flow profile was not possible to measure. According to Munson et 

al. (2009) that is a good approximation for turbulent flows. 

 ̇          ̅   

    is the pipe radius before the fan (0.4 m). 

 ̅       √
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The density of the humid air can be calculated from the density and dry air and the absolute moisture 

according to following. 

                
     

     (
  

  
)

 

The density of dry air only depends on pressure and temperature and can be calculated according to 

following equation. 

        
   

      

  

Since there is no change in the composition of the air during the heating  

         

 

The specific energy of the fan is calculated only on the energy consumed by the fan. 

     
    

 ̇       

 

 

Removed water during drying 

Removed water is calculated from the dry based (db) amount of water in the feed material and in the 

accept material. 

        ̇             ̇              

The dry based mass flow of the water is calculated from the dry matter content as following. 

  ̇             
         

       
    

  ̇              
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Appendix 3: ANOVA 

log(DMC) DF SS 
MS 

(variance) 
F P 

Total  18 0.6306 0.0350   

Regression 6 0.5999 0.1000 38.4615 5.4722e-08 

Residual  12 0.0307 0.0026   

       

Lack of Fit 10 0.0187 0.0019 0.3110 0.5254 

Pure Error 2 0.0120 0.0060   

      

 N = 19 Q2 = 0.9068   

 DF = 12 R2 = 0.9514   

  R2 Adj. = 0.9271   

 

Specific 
Energy 

(tot) 
DF SS 

MS 
(variance) 

F P 

Total  18 7.4615 0.4145   

Regression 3 6.3770 2.1257 29.4016 3.4127e-07 

Residual  15 1.0845 0.0723   

       

Lack of Fit 13 0.7957 0.0612 0.4239 0.5457 

Pure Error 2 0.2888 0.1444   

      

 N = 19 Q2 = 0.7611   

 DF = 15 R2 = 0.8547   

  R2 Adj. = 0.8256   
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Specific 
Energy 

(fan) 
DF SS 

MS 
(variance) 

F P 

Total  18 1.4073 0.0782   

Regression 3 1.2250 0.4083 33,6124 1.2907e-07 

Residual  15 0.1822 0,0121   

       

Lack of Fit 13 0.1130 0.0087 0.2509 0.4399 

Pure Error 2 0.0693 0.0346   

      

 N = 19 Q2 = 0.8107   

 DF = 15 R2 = 0.8705   

  R2 Adj. = 0.8446   

 

Removed 
water 

DF SS 
MS 

(variance) 
F P 

Total  18 30.8511 1.7140   

Regression 6 29.2075 4.8679 35.5409 9.1708e-08 

Residual  12 1.6436 0.1370   

       

Lack of Fit 10 1.3460 0.1346 0.9046 0.3686 

Pure Error 2 0.2976 0.1488   

      

 N = 19 Q2 = 0.8597   

 DF = 12 R2 = 0.9467   

  R2 Adj. = 0.9201   
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Fan Power DF SS 
MS 

(variance) 
F P 

Total  18 444.8687 24.7149   

Regression 2 424.8904 212.4452 170.1407 7.4292e-13 

Residual  16 19.9783 1.2486   

       

Lack of Fit 14 16.5532 1.1824 0.6904 0.4660 

Pure Error 2 3.4251 1.7125   

      

 N = 19 Q2 = 0.9407   

 DF = 16 R2 = 0.9551   

  R2 Adj. = 0.9495   
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Appendix 4: Statistical plots 
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