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Abstract 

Sewage sludge is the product from wastewater treatment that mostly is considered as a waste 

material. However, it contains several nutrients, especially phosphorus, potassium and 

nitrogen which are excellent fertilizers. The downside is the harmful content it also carries 

with pathogens, heavy metals and a variety of organic pollutants that in many cases have 

unknown effects on the ecosystem. A possible solution to this problem could be to pyrolyse 

the sewage sludge and by that decrease the levels of heavy metals and also render both 

pathogens and organic pollutants harmless. In this thesis project pyrolysis of dried sewage 

sludge has been evaluated at temperatures 650 750, 850 and 950 °C with addition of chlorine 

in the form of PVC and straw. An energy balance for pyrolysis and drying of dewatered 

sewage sludge has also been suggested.  

The results of the pyrolysis evaluation indicate that cadmium concentration can be reduced 

significantly with increasing temperature in the product char. But also other heavy metals like 

lead and zinc are affected at the higher temperatures evaluated. Mercury is completely 

removed from the char residue. The more latent volatile metals copper, chromium and nickel 

cannot be reduced to lower concentrations at these temperatures. They are instead enriched 

under these conditions. Chlorine addition to the sludge enhances the evaporation of all heavy 

metals but copper, nickel and chromium. The energy balance over the system indicates that 

the drying process requires more energy than is released from the sludge into the pyrolysis 

gases.  The energy carried by the pyrolysis gases is however larger than what is required to 

drive the pyrolysis process. 
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1. Introduction  

Sewage sludge is well known for its fertilising properties as it contains phosphorus, nitrogen 

and potassium. But it is also the carrier of unwanted substances and elements which are 

harmful to both plants and animals. This has been the cause of debate for decades where 

advocates for either side have, and very much still are, arguing their case back and forth. As 

recent as spring 2015 (during the work on this master thesis) a debate in the Swedish 

newspaper Svenska Dagbladet has been raging this topic. There are apparently several 

different interests involved in this matter and probably more than one uniform solution as 

well. In short the argument is whether sewage sludge currently produced, that fulfils legal 

requirements on heavy metal limitations, is good enough to be used for agricultural 

applications or not. Some stakeholders claim there is nothing wrong with current quality and 

to have a chance reaching a sustainable phosphorus recovery, current regulations are tough 

enough. Others argue it is completely incompatible with Swedish environmental goals to 

distribute this harmful material on the fields where we grow our food. A sustainable, energy 

efficient and cost effective method for phosphorus recovery from sewage sludge with a 

minimal environmental impact is therefore high on the wish list.  

Struvite precipitation at the wastewater treatment plant offers one possibility and incineration 

of the sludge followed by leaching of the ashes is another alternative. A third option is the use 

of pyrolysis of sewage sludge as a means to decrease the amounts of heavy metals in the 

sludge by producing a residual char, still rich in phosphorus but containing smaller amounts 

of heavy metals, especially cadmium. This idea was invented by the Swedish company 

EkoBalans Fenix AB and was the starting point for a collaboration between EkoBalans Fenix, 

SP Technical Research Institute of Sweden and University of Borås, resulting in this master 

thesis project.  

1.1 Purpose and limitations 

This thesis project had two main objectives. The first was to evaluate the possibility to 

pyrolyse dried and digested municipal sewage sludge so that the Cd/P-ratio was decreased in 

the product char compared to the digested sludge and thereby resulting in a more attractive 

product for agricultural applications. The second objective was to make an energy balance for 

the combined system of drying and pyrolysis of dewatered sewage sludge, as these two 

processes would be an additional treatment to current practice for Swedish digested municipal 

sewage sludge. 

1.2 Sewage sludge 

Sewage sludge might not be the most appealing substance to work with at first glance, but it is 

the perfect example where sustainability thinking could and should be applied. It originates 

from wastewater treatments as the by-product were the water’s contaminants should end up so 

that the water is as clean as possible when it flows out into rivers, lakes and oceans. Because 

of this the sludge contains organic material as well as inorganic nutrients, all mixed up with 

pharmaceutical residues, hormones, pathogens, pesticides, flame retardants and heavy metals 

(Kelessidis and Stasinakis, 2012) that are not decomposed by the process. Phosphorus, 

potassium and nitrogen are the most wanted elements and the concentration in sewage sludge 

is typically around 2.5, 1 and 3 % respectively of the dry matter(DM) (Fytili and Zabaniotou, 

2008). The organic content in sewage sludge can also act as an addition of humus to the soil 

when sewage sludge is utilized in agriculture. In the European Union countries, the most 

common final disposal of sewage sludge is composting and agricultural application. Swedish 
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sludge is mostly applied either to farmland, as landfill cover or as plant soil, fig 1. A small 

fraction is incinerated and only a very small portion of incinerated sludge has phosphorus 

recovery (Eriksson et al. 2014). There is in other words quite a lot of room for improvement 

with respect to recovery of the phosphorus present in the sludge. 

The European Union Directive 86/278/EEC regulates the amounts of heavy metals permitted 

in sewage sludge intended for agricultural application. Swedish limits, (Regulation 1998:994) 

are stricter for all heavy metals and both of these documents are currently under revision.  

 

Fig. 1; Distribution of sewage sludge application between the categories farmland, forest, plant soil 

with low P-conc., plant soil with high P-conc., landfill cover, combustion, combustion with P-recovery 

(less than 0,001 %), landfill, other, storage and not reported application, as reported by Eriksson et al. 

(2014). 

 

Swedish Environmental Protection Agency, Naturvårdsverket (Swedish EPA), have written a 

report, (Swedish EPA, Report 6580) in which they discuss sustainable recycling of 

phosphorus in the Swedish agriculture. It concludes recommendations for tougher limitations 

of heavy metals and non-natural organic compounds in sewage sludge fractions intended for 

farmland, table 1.  

Table 1. Current regulation on heavy metal concentration in sewage sludge, comparison between 

European Union directive, Swedish law, proposal for future Swedish regulation and historic levels in 

Sweden. Concentrations given in mg per kg dry matter, mg/(kg DM). 

 
Cd Cr Cu Hg Ni Pb Zn Ag 

mg/(kg DM) mg/(kg DM) mg/(kg DM) mg/(kg DM) mg/(kg DM) mg/(kg DM) mg/(kg DM) mg/(kg DM) 

EU 86/278/EECa 
20 - 40 NA 1000 - 1750 16 - 25 300 - 400 750 - 1200 2500 - 4000 NA 

Reg. 1998:994b 
2.0 100 600 2.5 50 100 800  NA 

Swe. EPA 2015c 1 60 600 1 40 35 800 5 

Swe. EPA 2023c 0.9 45 550 0.8 35 30 750 4 

Swe. EPA 2030c 0.8 35 475 0.6 30 25 700 3 
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Avg. Swe. Sludge 2006d 
1 29 358 0.8 19 28 552 NA 

Avg. Swe. Sludge 2012d 
1 28 353 0.6 17.4 22.1 601 NA 

a) Regulation by European Union, (Directive EU 86/278/EEC), b) Regulation by Swedish law, (Regulation 1998:994), c) 

Proposed limits by Swedish Environmental Protection Agency, (Swedish EPA, report 6580), d) Historic data from Swedish 

Statistics (SCB) on average concentration in Swedish sewage sludge (Eriksson et al. 2014), NA: No data available.  

The report has met massive criticism from stakeholders where they argue that the 

recommended levels for limitation are unrealistic and would have a preventive effect on the 

development of a sustainable phosphorus recovery as opposed to the intended. The tougher 

limits suggested in the Report 6580 by the Swedish EPA are not yet put into regulation but a 

decrease from current limits is anyway to be expected expect in the future. 

Not only concentration of heavy metals in sludge but also the total amounts added of each 

heavy metal per hectare land per annum are regulated, table 2 (Annerberg, 1994). The amount 

added to the farmland is therefore dependent on both the concentration of the heavy metal and 

phosphorus in the sludge (P.conc.), because phosphorus is the wanted but also regulated 

element. When phosphorus originates from sewage sludge and is distributed to farmland as 

sewage sludge the maximum allowed amount is 22 kg phosphorus per hectare per annum 

(Regulation 1998:994). That means that for each delivery of 22 kg phosphorus there are 

proportional amounts of heavy metals added to the same area, depending on the 

concentrations of phosphorus and heavy metals in the sludge.  

Table 2. Current Swedish regulation for the maximum amount of heavy metals that annually may be 

applied to cropland via sewage sludge and the new suggested levels given by Swedish EPA in report 

6580. The values are given in gram per hectare and year.  

Year of proposed 
limitation 

Cd Cr Cu Hg Ni Pb Zn Ag 

g/(ha year) g/(ha year) g/(ha year) g/(ha year) g/(ha year) g/(ha year g/(ha year) g/(ha year) 

SNFS 1994:2a 0.75 40 300 1.5 25 25 600 NA 

Swe. EPA 2015b 0.55 40 300 0.8 25 25 600 3.5 

Swe. EPA 2023b 0.45 40 300 0.6 25 25 550 3.0 

Swe. EPA 2030b 0.35 35 250 0.3 25 20 550 2.5 

a)  Swedish regulation SNFS 1994:2, (Annerberg, 1994), b) Proposed limits by Swedish Environmental Protection Agency in 

report 6580, (Swedish EPA, report 6580). 

However, in order to compare different feedstock of fertilizer or sludge with respect to their 

heavy metal content the ratio heavy metal to phosphorus is given in milligram or gram heavy 

metal per kilogram phosphorus. The regulations discussed above, can be converted to this 

ratio and are presented in table 3. 

Table 3. Current Swedish regulation for the maximum amount of heavy metals that annually may be 

applied to cropland via sewage sludge and the new suggested levels given by Swedish EPA in report 

6580. The values are given in gram per hectare and year.  

Year of proposed 
limitation 

Cd/P Cr/P Cu/P Hg/P Ni/P Pb/P Zn/P Ag/P 

mg/(kg P) mg/(kg P) g/(kg P) mg/(kg P) mg/(kg P) mg/(kg P) g/(kg P) mg/(kg P) 

SNFS 1994:2a 34 1818 14 68 1136 1136 27   

Swe EPA 2015b 25 1818 14 36 1136 1136 27 159 

Swe EPA 2023b 20 1818 14 27 1136 1136 25 136 

Swe EPA 2030b 16 1591 11 14 1136 909 25 114 

a) Swedish regulation SNFS 1994:2, (Annerberg, 1994), b) Proposed limits by Swedish Environmental Protection Agency in 

report 6580, (Swedish EPA, report 6580). 
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1.3 Pyrolysis of sewage sludge 

Sewage sludge has a high water content and a low energy value (Werle and Wilk, 2010), and 

therefore is not optimal for energy recovery, i.e. used as fuel, as the total energy balance over 

the process would depend a lot on the drying process of the raw sludge prior to energy 

recovery through e.g. incineration. A heating process on the other hand presents a lot of 

advantages in that it both functions as a sanitization of the sludge’s pathogens and at the same 

time significantly destroys its persistent organic pollutants (Fullana et al., 2004, Zhang et al., 

2013). It has also been shown that the amounts of the heavy metals cadmium, lead and zinc 

can be reduced in the sludge in a fluidized bed incineration (Marani et al., 2003) with 

increasing levels of these metals in the fly ashes, indicating they were evaporated at the 

incineration temperatures above 820 °C. Increasing levels of chlorine content in the sludge 

also resulted in a higher evaporation ratio of these metals, as reported by Luan et al. (2013), 

Corella and Toledo (2000). Han et al. (2008) have reported that phosphorus can be stabilized 

in the ash with some additives and evaporated when other additives are used.  

Pyrolysis is a heat treatment technique where there is no oxygen present. When an organic 

material is pyrolysed the products are gases, a bio-liquid and a solid bio-char and as no 

combustion occurs the energy content of the starting material is preserved into the products. 

The main gases produced during pyrolysis of sewage sludge are carbon dioxide, carbon 

monoxide, hydrogen, methane, oxygen, nitrogen and water as described by Inguanzo et al. 

(2002). The solid char mainly consists of carbon and ash, where the ash consists of inorganic 

elements like e.g. phosphorus, iron, silicon, calcium, copper etc. 

One important question regarding bio-char in agricultural applications is whether heavy 

metals are stabilized during the pyrolysis process or if there is a possibility they will leak into 

the surrounding environment. Hwang et al. (2007) and Kistler et al. (1987) have investigated 

this in leaching experiments resulting in low recovery of the heavy metals in leachates at 

different pH levels, indicating a stable matrix in the char particles. The release of cadmium in 

soil is dependent on the current pH value, as described by Eriksson (1989). An increase in pH 

means a decrease in cadmium solubility and hence a lower availability of cadmium to plants. 

An increase in pyrolysis temperature from 300 to 700 °C, as reported by Hossain et al. (2011), 

has the effect of increasing the alkalinity of the char, which would be beneficial for the 

stability of cadmium in the soil. Chen et al. (2014) have also reported an increase in alkalinity 

of the bio-char with increasing pyrolysis temperature. This group also reported absorptive 

properties of the char similar to results obtained by commercial activated carbon, suggesting 

that bio-char produced at 800 to 900 °C could absorb cadmium ions from soil. Another group 

(Beesley et al., 2010) supported these findings of cadmium adsorption and they also observed 

a decrease in polyaromatic hydrocarbons (PAH) in the soil amended with bio-char. 

Méndez et al. (2012) studied the differences between sewage sludge and bio-char from the 

same feedstock. They evaluated soil properties and heavy metal availability in the soil after 

200 days and concluded that bio-char showed a decreased risk of heavy metal leaching and a 

decreased plant availability of nickel, cadmium and lead compared to sewage sludge, while 

the untreated sludge was better in soil respiration.  

In a recent study by Dai et al. (2014) it was shown that polyaromatic hydrocarbons were 

formed in the gases during pyrolysis of sewage sludge with a sharp increase in the 

concentration above 800 °C with peak formation at 950 °C. Others (Hu et al., 2007) have 
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shown the significant reduction in levels of polychlorinated dibenzodioxins, PCDD, in the 

product char.  

He et al. (2010) showed that the concentrations Cd, Cu, Pb and Zn in the pyrolysed sludge 

residue gradually increased with the temperature up to 700 °C. Then there was a significant 

drop in Cd-concentration with about 50 % in the char compared to the previous temperature 

while the other metals indicated no such reduction. The authors connect this reduction to the 

evaporation of Cd and refers to other studies where it is indicated that evaporation is initiated 

above 600 °C (Kistler et al., 1987, Stammbach et al., 1989). Another group (Hu et al., 2007) 

showed that lead and zinc can be volatilized at temperatures above 800 °C.  

2. Methods and materials  

2.1 Sewage sludge 

Digested sludge from three different wastewater treatment plants were evaluated. The first 

and second both use biological precipitation of phosphorus from the waste water and they 

were located in Helsingborg, Sweden (NSVA), and in Düsseldorf, Germany (Düsseldorf 

Nord) denoted sludge 1 and sludge 2 respectively. The third wastewater treatment plant 

applied chemical precipitation of phosphorus, using iron chloride (FeCl3), was located in 

Georgsmarienhütte, Germany, and was denoted sludge 3, table 4.  

Table 4: Initial properties of the sewage sludge used, Country of origin, phosphorus precipitation 

treatment and dry matter in % of received material.  

City of wastewater 

treatment plant 

Country of origin Denotation Phosphorus 

precipitation 

treatment 

Dry matter 

(DM) 

[%] 

NSVA Helsingborg Sweden Sludge 1, H Biological 96 

Düsseldorf Nord Germany Sludge 2, D Biological 93 

Georgsmarienhütte Germany Sludge 3, G Chemical, FeCl3 91 

 

All three sludges were received as dry material and their dry matter was 96 %, 93 % and 91 % 

for sludges 1, 2 and 3 respectively. Their particle size varied somewhat but no single particle 

was larger than 2 cm in diameter for any of the sludges, fig. 2. Sludge 3 had a low density and 

was therefore crushed by walking on the sludge in a plastic bag for 5 minutes. That was done 

to reduce the particle size and thereby increase the density. Sludge 1 and 2 were not treated in 

this way but used as received. 
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Fig. 2; Initial appearance as received for sludge 1 to 3. Last picture to the right show sludge 3 after 

simple crushing procedure. 

2.2 Pyrolysis equipment 

The pyrolysis experiments were performed in a horizontal tubular quartz reactor equipped 

with electrical heating in three heating zones. The tube was 1090 mm long and had a diameter 

of 68 mm. Nitrogen, 6 L/min, was used as the inert gas and introduced in the sealed end of the 

reactor. In the open end of the reactor the sludge was introduced batch-wise using a 

cylindrical sample holder (200 mm long) with an open top, with a capacity of holding 150 – 

235 g of dried sludge, fig. 3.  

The cylindrical sample holder was attached to a metallic rod and placed at a fixed distance of 

600 mm into the reactor, measured from the far end of the cylinder to the opening of the 

reactor. At the opening of the reactor a vermiculite stopper was attached, both as a support for 

the sample holder and to reduce airflow in to the reactor, fig. 4. Without the stopper a flame 

was visible inside the reactor.  

The temperature inside the reactor was monitored using thermocouples, where one was 

attached in the closed end of the reactor and one attached in the sample holder. The latter one 

was placed in the middle of the sample cavity, so that it was completely surrounded and 

covered with sludge so that the sludge temperature could be monitored during each 

experiment, fig. 3.  
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Fig. 3; Sample holder fitted with a thermocouple, the thin metallic rod reaching about half way into 

the cavity. 

 

Fig. 4; Sample holder loaded with sludge under a pyrolysis experiment. Note the vermiculite 

stopper/support in the opening of the tube, just below where pyrolysis gases are coming out. 

A quenching reactor for rapid cooling and minimization of combustion of the produced char 

after the experiment was also used. This was a simple steel tube with one end open and one 

end closed. It measured the same dimension as the quartz reactor and in the closed end a flow 

of nitrogen, 4 L/min, was introduced. In the open end, the hot sample holder was placed 

directly when taken out of the pyrolysis reactor. No stopper was attached. 

2.3 Pyrolysis experimental procedure 

Sludge was weighed into an aluminium form, the weight was noted, and then the sample 

holder was filled with the sludge. The remaining sludge in the aluminium form was then 

weighed and the difference was the sample weight for that specific experiment. When the 

oven had reached the set experimental temperature (e.g. 650 °C), the nitrogen flow was set to 

6 L/min and then the loaded sample holder was put into the oven and the vermiculite stopper 

put in place. The starting time was noted. When the sample temperature had reached a 

temperature five degrees Celsius below the experimental temperature (e.g. 650 – 5 = 645 °C) 

the time was noted and the experiment was run for another ten minutes. The hot sample 

holder with the char product was then placed inside the quenching reactor and kept there until 

the temperature was below 150 °C, fig 5.  
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Fig. 5; Glowing sample holder and pyrolysed char on its way into the quenching reactor. 

The char product was put into an aluminium form and then weighed. For each experimental 

setup, a minimum of two runs in the pyrolysis reactor were made in order to achieve a large 

enough amount, i.e. at least 200 g of char. A consequence of this was that each sample sent to 

analysis consisted of the mixture of at least two runs at the same settings. Char resulting from 

the replicates were mixed in the aluminium form using a spoon and then approximately 100 g 

was sent away for analysis and the remaining part was kept for backup. The char was stored at 

room temperature in a plastic box with a tight lid. All samples were marked with type of 

sludge, temperature, time and additive, e.g. 1_650C_10min_PVC. 

2.4 Additives 

The initial thought was to test two types of chlorine additives and compare their effect with no 

additive. The chlorine sources for this evaluation were pelletized straw, containing about 0.15 

wt. % chlorine, and polyvinylchloride (PVC), with the molecular formula of (C2H3Cl)n and 

molecular weight of 62 g/mol, containing 56 wt. % chlorine. Straw was used because it 

contains high levels of potassium and therefore could be used to increase the potassium 

content of the char produced and hence increase its fertilizing properties.  

The sludge also contained some chlorine and the amounts varied depending on the source, 

table 5, and at the time of experiment start the chlorine content of sludge 1 was the only one 

known. Because of the similar content in straw and sludge 1 it was obvious that the chlorine 

content could not be increased by addition of straw. Therefore, it was decided to use a one to 

one mixture of sludge and straw, by mass, to investigate the effect of chlorine availability in 

the two samples. With PVC however it was possible to have a higher chlorine concentration 

and it was decided that a 10-time increase, i.e. to 1.5 wt. % chlorine, would be suitable. That 

would in practice result in addition of approximately 4 g PVC to 150 g of sludge 1. 

Table 5. Chlorine content of materials used in experiments.  

Material 
Cl,  

mg/(kg TS) 

Cl 

wt. %  

Sludge 1, Helsingborg 1 516 0.15 

Sludge 2, Düsseldorf 331 0.03 
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Sludge 3, Georgsmarienhütte 4 630 0.46 

Straw pellet 1 430 0.14 

PVC  56 

 

2.5 Experimental matrix 

The third parameter for variation, in addition to type of sludge and additive, was the 

temperature. The boiling point of cadmium, 767 °C, and results from earlier investigations 

(Kistler et al., 1987) served as a guide to the temperature range of the experiments. A first 

series of experiments was designed were only the temperature was varied, with the purpose of 

adjusting the experimental window so that the temperature effect on the evaporation of 

cadmium could be observed. The temperatures chosen for this evaluation were 550 °C, 600 

°C, 650 °C, 700 °C, 750 °C, 850 °C and 950 °C. The results from these experiments, section 

3.1.3, indicated that the temperatures 650 °C, 750 °C, 850 °C and 950 °C would be suitable for 

the evaluation of the temperature effect for the experimental matrix. 

The combination of all experimental parameters resulted in the experimental matrix presented 

in table 6. The required amount of char product was at least 200 g. With an estimated char-

yield of 45 % (Inguanzo et al., 2002), that would result in at least (200 / 0,45) = 450 g of 

sludge feedstock for each set of conditions and with an estimation of 150 g maximum load per 

experimental run, that would result in three runs per set of conditions. 

Table 6. Designed experimental matrix.  

Temp 
Sludge type Additive 

Estimated 

Number of runs [°C] 

550 1 (NSVA, Helsingborg)  3 

600 1 (NSVA, Helsingborg)  3 

650 1 (NSVA, Helsingborg)   3 

700 1 (NSVA, Helsingborg)  3 

750 1 (NSVA, Helsingborg)  3 

850 1 (NSVA, Helsingborg)   3 

950 1 (NSVA, Helsingborg)   3 

650 1 (NSVA, Helsingborg) Straw 3 

850 1 (NSVA, Helsingborg) Straw 3 

950 1 (NSVA, Helsingborg) Straw 3 

650 1 (NSVA, Helsingborg) PVC 3 

850 1 (NSVA, Helsingborg) PVC 3 

950 1 (NSVA, Helsingborg) PVC 3 

650 2 (Düsseldorf Nord)   3 

750 2 (Düsseldorf Nord)  3 

850 2 (Düsseldorf Nord)   3 

950 2 (Düsseldorf Nord)   3 

650 2 (Düsseldorf Nord) PVC 3 

750 2 (Düsseldorf Nord) PVC 3 

850 2 (Düsseldorf Nord) PVC 3 
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950 2 (Düsseldorf Nord) PVC 3 

650 3 (Georgsmarienhütte)   3 

750 3 (Georgsmarienhütte)  3 

850 3 (Georgsmarienhütte)   3 

950 3 (Georgsmarienhütte)   3 

650 3 (Georgsmarienhütte) PVC 3 

750 3 (Georgsmarienhütte) PVC 3 

850 3 (Georgsmarienhütte) PVC 3 

950 3 (Georgsmarienhütte) PVC 3 

      87 

 

 

2.6 Bomb calorimetry – heating value measurements 

The heating values of the raw sludge and the product chars were evaluated by bomb 

calorimetry using an IKA C200. Approximately one gram of the material was weighed into a 

crucible. A cotton thread was attached to the ignitor and put in contact with the material in the 

crucible so that it was partly covered. 0.5 mL of deionised water was added to the bomb-

vessel and then the crucible and the ignitor was attached to the bomb and it was sealed. 30 bar 

of high grade oxygen was added and the sealed bomb was put into the IKA C200 and the 

cover was closed. 2 L of water, (23.1 °C), was added to the apparatus and then the 

measurement was initiated. The result was reported as the higher heating value of the tested 

material.   

2.7 Analysis conditions 

All samples tested were analysed in duplicates for the following elements; total solid (TS), 

ash content, arsenic (As), cadmium (Cd), chlorine (Cl), chromium (Cr), copper (Cu), lead 

(Pb), mercury (Hg), nickel (Ni), phosphorus (P), silver (Ag) and zinc (Zn). That was done by 

a contractor Agrilab AB, in Uppsala Sweden. P was analysed using method SS 028311, TS 

and ash were analysed using method KLK 1965:1 and the remaining elements were analysed 

using EPA methods (modified) 200.7 (ICP-AES) and 200.8 (ICP-SFMS).  

3. Results 

3.1  Pyrolysis experiments – heavy metals 

The focus of this thesis work was on the char and the change in concentration of elements 

with special attention to cadmium and phosphorus. Therefore, no experimental data on the tar 

or product gases will be given as it was simply not analysed. Experimental data is attached in 

appendix 1, with sample weights for sludge and additives for each experiment as well as 

produced char.  

3.1.1 Sludge properties 

Variation in data was analysed using three replicates of untreated sludge 2 and 3. The mean 

values of the concentration of each element were calculated and then the deviation from the 

mean was calculated for each replicate, as {abs([X]-[ Xaverage])/[Xaverage]}*100. The variation 
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in the data was less than 10 % from the mean value for all elements but mercury and silver, 

fig. 6 and 7, and the uncertainty was largest for mercury in sludge 2.  

 
Fig. 6: Variation in % from mean value of measured concentration for selected elements in untreated 

sludge 2 (Düsseldorf Nord), based on three replicates.  

Analysis of the untreated sludge’s indicated they had different properties regarding their 

concentration of elements. Evaluation against limits suggested by Swedish EPA, zinc was too 

high in sludge from Helsingborg and Düsseldorf. Düsseldorf also exceeded the limits for 

cadmium and lead, while Georgsmarienhütte was too high in chromium, fig 8-10. 

 

 
Fig. 7: Variation in % from mean value of measured concentration for selected elements in untreated 

sludge 3 (Georgsmarienhütte), based on three replicates. 

A comparison the three sludges showed that sludge 2 almost had twice the concentration of 

zinc compared to sludge 1 and close to three times the level of sludge 3. Sludge 1 contained 
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most copper of the three, with twice the concentration of sludge 3 and about 50 % higher than 

sludge 2. Sludge 2 had highest lead levels with 4 and 8 times the concentration of sludge 1 

and 3 respectively. 

 
Fig. 8: Concentration of elements in sludge 1 (NSVA, Helsingborg), sludge 2 (Düsseldorf Nord) and 

sludge 3 (Georgsmarienhütte) before heat treatment, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

 

 
Fig. 9: Concentration of elements in sludge 1 (NSVA, Helsingborg), sludge 2 (Düsseldorf Nord) and 

sludge 3 (Georgsmarienhütte) before heat treatment, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 
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Fig. 10: Concentration of elements in sludge 1 (NSVA, Helsingborg), sludge 2 (Düsseldorf Nord) and 

sludge 3 (Georgsmarienhütte) before heat treatment, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

Sludge 3 was rich in cobalt and nickel and had the highest level of chromium, more than 50 % 

higher than sludge 2 and twice as much as sludge 1. Sludge 3 had the lowest level of 

cadmium followed by sludge 1 and 2 respectively. Silver was below the suggested limits for 

all three sludges with a slightly higher content in sludge 2. Mercury was higher in sludge 2 

and lowest in sludge 3. 

3.1.2 Char yield and ash content 

The char yield varied with type of sludge and treatment temperature, fig. 11 and 12. The data 

for the mixture straw/sludge 1:1 was calculated as the mean value of the data from sludge 1 

and straw. For the tests involving straw there was a larger mass loss compared to the other 

experiments, which is expected because of the relatively low ash content. Sludge 1 and 2 had 

a similar char yield while sludge 3 generally had 10 units lower yield. Sludge 2 had highest 

ash content followed by sludge 1 and 3 respectively.  
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Fig. 11: Ash content and char yield from the experiments with sludge 1 (NSVA, Helsingborg). 

 
Fig. 12: Ash content and bio-char yield from the experiments with sludge 2 (Düsseldorf Nord) and 

sludge 3 (Georgsmarienhütte). 

3.1.3 Temperature and additive effect on heavy metal content 

Experiments with sludge 1 indicated that the concentration of cadmium in the char was 

increased at 550 and 600 °C compared to the untreated sludge, fig. 13. At 650 °C, the 

concentration was unaffected and at higher temperatures the cadmium concentration was 

decreased. It was also evident that a reduction down to the detection limit could be observed 

at 850 and 950 °C. The increased concentration at 550 °C was caused by mass loss of organic 

volatile material and cracking reactions and hence an expected observation. Compared to the 

limits suggested by Swedish EPA for agricultural application of sewage sludge, the 

concentration was not exceeded in char produced at temperatures above 650 °C.  
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Fig. 13: Cadmium (Cd) concentration in sludge 1 (NSVA, Helsingborg) and resulting char after 

pyrolysis treatment at different temperatures.  

 
Fig. 14: Lead (Pb) concentration in sludge 1 (NSVA, Helsingborg) and resulting char after pyrolysis 

treatment at different temperatures compared with current Swedish law (Regulation 1998:994) and 

limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

Lead (Pb) concentrations, fig. 14, initially increased for the same reason as cadmium did, 

without the loss of any lead. At temperatures 750 – 950 °C the concentration of lead also 

started to decrease with a major reduction at 950 °C.  

Comparing the results with additives, fig. 15, the cadmium levels were approximately 50 % 

lower for the untreated 1:1 straw/sludge mixture and that was because the straw contained 

much lower cadmium levels. As a consequence, the cadmium level in sample H 650 straw 

was significantly lower than the corresponding sample without straw. The trend however was 

the same at these concentrations, regardless of the additive i.e. reduction to the same levels 
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was observed for both additives. The cadmium levels at the highest temperatures 

corresponded to a 95 % reduction compared to the untreated sludge. Clearly the pyrolysed 

material was well below the limits suggested by Swedish EPA. 

 
Fig. 15: Cadmium (Cd) levels in sludge 1 (NSVA, Helsingborg) and resulting char after pyrolysis 

treatment with straw and PVC as additives, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

Lead was also affected by the pyrolysis treatment with decreasing concentration at 

temperatures above 850 °C, fig 16. The additive effect was not clear as both straw and PVC 

gave similar or slightly larger reduction in the concentration compared to no additive. The 

mass balance for each element was then calculated in order to visualize the actual loss of 

material as compared to the change in concentration. The mass balance was calculated as 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =

𝑌𝑖𝑒𝑙𝑑𝑐ℎ𝑎𝑟

100 ×
𝐷𝑀𝑐ℎ𝑎𝑟

100 × [𝑒𝑙𝑒𝑚𝑒𝑛𝑡]𝑐ℎ𝑎𝑟

𝐷𝑀𝑠𝑙𝑢𝑑𝑔𝑒

100 × [𝑒𝑙𝑒𝑚𝑒𝑛𝑡]𝑠𝑙𝑢𝑑𝑔𝑒

 % 

where Yieldchar is the resulting char yield, in percent, at the given pyrolysis temperature, 

DMchar is the solid content (dry matter), in percent, of the char and [element]char is the 

concentration of the element in the char, mg/(kg DM), DMsludge is the solid content in the 

sludge in percent and [element]sludge is the concentration of the element in the sludge in 

mg/(kg DM). The mass balance should then have values between 100 % and 0 % with 100 % 

indicating full retention of the element in the char and 0 % indicating complete volatilization 

of the element from the char compared to the sludge. 

This way of analysing the results gave information that for cadmium the evaporation had 

started already at 550 °C with a significant increase in mass loss between 650 and 700 °C. 

The additive’s effect was clearer for lead than cadmium and indicated straw had slightly 

larger effect at 850 °C than observed for PVC and no additive at the same temperature. At 950 

°C the char contained less than 90 % of the lead originally present in the sludge, with similar 

levels for all three additive cases. 
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Fig. 16: Lead (Pb) concentration in sludge 1 (NSVA, Helsingborg) and resulting char after pyrolysis 

treatment with straw and PVC as additives, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030.  

 
Fig. 17: Mass balance for cadmium, lead and zinc in char samples from sludge 1 (NSVA, 

Helsingborg) after pyrolysis treatment with and without straw or PVC as additive. 

From these results it was decided not to pursue the experiments with straw as additive. Instead 

an additional temperature, 750 °C, was added to the test series involving sludge 2 and 3 

(Appendix 1).  

The reduction in concentration of cadmium with increasing pyrolysis temperature was 

consistent for all three sludge’s. The char D 650 and G 650, fig. 18, both showed lower levels 

of cadmium compared to H 650, fig. 15, which indicated a faster evaporation rate in sludge 2 

and 3. However at higher temperatures that effect was not clear. Instead it seemed as the 

evaporation of cadmium subsided at 750 °C with no further clear effect at higher temperatures 

for sludge 2 or 3. There was no clear effect of added PVC either. The cadmium concentration 
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in the char, at all pyrolysis temperatures, was well below the limits suggested by Swedish 

EPA, even for sludge 2 where the initial concentration in the sludge was highest. 

 
Fig. 18: Cadmium (Cd) concentration in sludge 2 (Düsseldorf Nord) and 3 (Georgsmarienhütte) and 

resulting char after pyrolysis treatment with PVC, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

For lead there was a clear reduction in the concentration with increasing temperature, fig. 19 

and 20. PVC had an accelerating effect on the evaporation rate in sludge 2, resulting in lower 

concentrations at both 750 and 850 °C compared to treatment without additive. At 950 °C the 

concentration was reduced to less than 5 mg/ (kg TS) with the additive which corresponded to 

more than 95 % reduction compared to the sludge.  

 
Fig. 19: Lead (Pb) concentration in sludge 2 (Düsseldorf Nord) and 3 (Georgsmarienhütte) and 

resulting char after pyrolysis treatment with PVC as additive, compared with current Swedish law 

(Regulation 1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

In the case of sludge 3 the concentration of lead in the untreated material was below the limits 

suggested by Swedish EPA, fig. 19. At temperatures 850 and 950 °C the concentration was 

significantly decreased independently of additive settings and the mass balance for the PVC-

spiked material was three times better than for the sludge without additive at 850 °C, fig. 20. 

At 950 °C there was no significant difference between the two alternatives. 
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Fig. 20: Mass balance for cadmium, lead and zinc in char samples from sludge 2 (Düsseldorf Nord) 

and 3 (Georgsmarienhütte) after pyrolysis treatment with PVC. 

Copper concentration increased in the char with increasing pyrolysis temperature and ended 

up at levels above the limits regulated by Swedish law, except for H 650 straw. Zinc-levels 

were also increased with temperatures up to 850 °C and then significantly decreased at 950 

°C, independent of additive, fig. 21. Again the straw additive produced a char which passed 

the limits, but it was not only because of an increase in evaporation but rather a combination 

effect of the lower starting concentration in the combined straw/sludge mixture. 

 
Fig. 21: Copper (Cu) and zinc (Zn)-concentration in sludge 1 (NSVA, Helsingborg) and resulting char 

after pyrolysis treatment with PVC as additive, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

 

The concentration of copper in sludge 2 was more or less at a constant level balancing on the 

Swedish regulation limit and for sludge 3 it increased with the temperature, from safe levels 

to the borderline and above at the top temperature. Zinc levels were decreased at temperatures 

above 650 °C for both sludges and there was a clear effect from the PVC decreasing the levels 
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compared to non-spiked sludge as could be seen both in real concentration, fig. 22, and in the 

mass balance, fig. 20. 

 
Fig. 22: Copper (Cu) and zinc (Zn)-levels in sludge 2 (Düsseldorf Nord) and 3 (Georgsmarienhütte) 

and resulting char after pyrolysis treatment with PVC as additive, compared with current Swedish law 

(Regulation 1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

Chromium and nickel were not evaporated at these temperatures in either of the sludges, fig. 

23 and 24. They were instead concentrated and at basically all temperatures the level violated 

the regulated limits and there was no positive effect from the additives. 

 
Fig. 23: Chromium (Cr) and nickel (Ni)-levels in sludge 1 (NSVA, Helsingborg) and resulting char 

after pyrolysis treatment with straw and PVC as additives, compared with current Swedish law 

(Regulation 1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 
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Fig. 24: Chromium (Cr) and nickel (Ni)-levels in sludge 2 (Düsseldorf Nord) and 3 

(Georgsmarienhütte) and resulting char after pyrolysis treatment with PVC as additive, compared with 

current Swedish law (Regulation 1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 

2015, 2023 and 2030. 

Mercury was at these temperatures completely removed in char from all three sludges, fig 25 

and 26, which was not surprising because of the high volatility and low boiling point of 

mercury.  

 
Fig. 25: Mercury (Hg) and silver (Ag)-levels in sludge 1 (NSVA, Helsingborg) and resulting char after 

pyrolysis treatment with straw and PVC as additives, compared with current Swedish law (Regulation 

1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 
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Fig. 26: Mercury (Hg) and silver (Ag)-levels in sludge 2 (Düsseldorf Nord) and 3 (Georgsmarienhütte) 

and resulting char after pyrolysis treatment with PVC as additive, compared with current Swedish law 

(Regulation 1998:994) and limits suggested by Swedish EPA (Swe. EPA) for 2015, 2023 and 2030. 

 

Fig. 27: Mass balance for mercury and silver in char samples from sludge 1 (NSVA, Helsingborg), 2 

(Düsseldorf Nord) and 3 (Georgsmarienhütte) after pyrolysis treatment with straw and PVC as 

additives. 

The last heavy metal in the list was silver and for sludge 1 there was a clear positive effect 

with straw at increasing temperature and in the case of PVC and no additive, the evaporation 

seemed to subside at the higher temperatures, fig. 25 and 27. Sludge 2 had a larger variability 

between the data points and was thereby more difficult to interpret. Looking at the trend, figs. 

26 and 27, it anyway seemed as PVC addition was beneficial with generally more evaporation 

compared to no additive, but no real change with different temperatures. In sludge 3 there was 

a clear evaporation of silver at all temperatures except at G 950. PVC might have had an extra 

impact at the top temperature but the general trend was that the additive not had an extra 

effect on the evaporation of silver. Compared to suggested limits sludge 1 was below the 

limits at basically all temperatures and so was sludge 3. Sludge 2 had inconsistent data and it 

was difficult to draw any real conclusions, but the trend was that with PVC the char would 

pass the limits at all temperatures.  
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3.2 Heavy metal to phosphorus ratio 

The phosphorus concentration in the tested sludges varied between 30 and 40 g/(kg DM), 

with sludge 1 having lowest concentration and sludge 3 the highest, fig 28 and 29. From these 

plots it also seemed as sludge 1 and 2 had an initial concentration increase at 650 °C but then 

no further change, while sludge 3 had an increasing trend over all temperatures. However, 

when looking at the enrichment factors in fig 30, it is evident that the phosphorus amount is 

decreasing slightly with increasing temperature, compared to untreated sludge. The increased 

concentration in chars from sludge 3 can be explained from the larger mass loss in these chars 

compared to chars from sludge 1 and 2 and is mainly due to differences in ash content.  

 
Fig. 28: Total Nitrogen (N-tot), potassium (K) and phosphorus (P) -levels in sludge 1 (NSVA, 

Helsingborg) and resulting char after pyrolysis treatment with straw and PVC as additive. 

Nitrogen levels clearly decrease in all sludges with increasing temperature, which is 

unfortunate as it is wanted from a fertilizing perspective. Potassium levels stay fairly constant 

independent of temperature. With straw as additive the levels are almost doubled and that is 

because straw is rich in potassium.  

 
Fig. 29: Total Nitrogen (N-tot), potassium (K) and phosphorus (P) - levels in sludge 2 (Düsseldorf 

Nord) and 3 (Georgsmarienhütte) and resulting char after pyrolysis treatment with PVC as additive. 
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Fig. 30: Mass balance for nitrogen (N-tot), potassium (K) and phosphorus (P) in char samples from 

sludge 1 (NSVA, Helsingborg), 2 (Düsseldorf Nord) and 3 (Georgsmarienhütte) after pyrolysis 

treatment with straw and PVC as additives. 

The mass balance for sludge 2, fig 30, indicate a formation of potassium in the char as 

described by numbers greater than 100 %. These values can only be explained by 

experimental errors in the measurement of either the concentration of potassium in the sludge 

or in the char and possibly in both at the same time. 

The ratio of heavy metal to phosphorus depends on the concentration of these elements in the 

char. As noted the concentration of phosphorus remained mostly constant except for sludge 3 

which had an increasing concentration with increasing temperature. The ratio heavy metal 

(HM) to phosphorus was calculated by dividing the concentration of the heavy metal [Heavy 

metal] by the concentration of phosphorus [P]. The results from this mathematical exercise 

are presented in the following text. The trends from different pyrolysis treatment will be 

exactly the same as already described in the previous section and therefore not commented on 

further. What is interesting is to see if there are any changes with respect to treatments 

passing the regulated levels.  

Starting with cadmium, current Swedish limits are passed by all sludges and treatments, fig 

31, which was not the case regarding the concentration, fig. 18, where Düsseldorf exceeded 

the limit. Compared with tougher regulations in the future, pyrolysis treatment at temperatures 

above 650 °C is required.  
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Fig. 31; Cd/P-ratio for all sludge and char plotted with the regulated level for Swedish agricultural 

application (SNFS 1994:2) and future recommended levels (Swe. EPA 2015, 2023 & 2030). 

Chromium is below the limits for sludge from all three locations with the exception of D 950 

PVC and G 950, fig 32 and 33. This is better compared to the concentration limits where 

more treatments violated the regulations. Nickel is ok for all sludges and treatments below 

850 °C, fig 32 and 33. This means more treatments pass the limitation for the amounts spread 

than for the concentration limits, where only untreated sludge was cleared.  

Lead requires the higher temperatures, 850 °C with PVC and 950 °C, for sludge 2 to pass the 

limits. Sludge 1 and 3 are ok for all conditions tested, fig 32 and 33, which again is better 

compared to the concentration limits. Zinc follows the pattern for lead and clears the limits for 

sludges 1 and 3 while sludge 2 is in need of high temperature treatment (above 850 °C) 

without additive and slightly lower temperature when spiked with PVC, fig 34 and 35. 

Compared to the concentration, again this is a better result. 

 
Fig. 32; Chromium (Cr), nickel (Ni) and lead (Pb)-/P-ratios for sludge 1 plotted with the regulated 

level for Swedish agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 

2015 & 2030). 
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Fig. 33; Chromium (Cr), nickel (Ni) and lead (Pb)/P-ratios for sludge 2 & 3 plotted with the regulated 

level for Swedish agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 

2015 & 2030). 

 
Fig. 34; Copper (Cu) and zinc (Zn)-/P-ratios for sludge 1 plotted with the regulated level for Swedish 

agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 2015 & 2030). 



27 

 
Fig. 35; Copper (Cu) and zinc (Zn)/P-ratios for sludge 2 & 3 plotted with the regulated level for 

Swedish agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 2015 & 

2030). 

 

 
Fig. 36; Mercury (Hg) and silver (Ag)-/P-ratios for sludge 1 plotted with the regulated level for 

Swedish agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 2015 & 

2030). 
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Fig. 37; Mercury (Hg) and silver (Ag)/P-ratios for sludge 2 & 3 plotted with the regulated level for 

Swedish agricultural application (SNFS 1994:2) and future recommended levels (Swe. EPA 2015 & 

2030). 

Mercury is below the limits for all sludges and treatments which is true for both regulations. 

Silver is also cleared with all treatments. Even sludge 2 passes the limits, despite the high 

levels relative the concentration limits, fig 36 and 37.  

The general trend for heavy metal to phosphorus ratio is that the regulated levels are more 

generous than the limits set for concentration in the material, leading to more sludges and 

treatment settings to pass the criteria for farmland application. 

3.3 Heating values  

The heating values resulting from the bomb calorimetric analysis are presented in fig 38 and 

appendix 2. Sludge from Helsingborg has the highest HHV at 15.8 MJ/kg followed by 

Georgsmarienhütte at 14.7 MJ/kg and Düsseldorf with 12.7 MJ/kg. However, the energy 

difference between the sludge and the char is largest for Georgsmarienhütte with 4.1 – 5.0 

MJ/kg followed by Düsseldorf with 3.9 – 4.3 MJ/kg and Helsingborg with 2.5 – 3.0 MJ/kg. 

The variation in measured values was less than 3 % for the replicates, fig 39. 
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Fig 38; Higher heating values, HHV, measured in duplicates and plotted in MJ/kg for the three sludges 

and their corresponding char from pyrolysis at given temperatures without additives.  

 
Fig 39; Variation in % from mean value of measured heating values, calculated as abs(ΔH-

ΔH_avg)/ΔH_avg x 100 %. 

4. Energy balance 

The system boundaries for the energy balance are set to include the drying process and the 

pyrolysis process of sewage sludge, fig 40. The initial dewatering process is not taken into 

account as it is something that is already done at wastewater treatment plants (Jezek, 2010). 

The purpose of the energy balance is to evaluate the energy demand for a drying and pyrolysis 

process dimensioned for a wastewater treatment plant with the capacity of about 130 000 

person equivalents. In the case of NSVA in Helsingborg there is a total production of 

approximately 2700 ton (dry matter, DM) of sludge per year (Jezek, 2010) and therefore the 

mass flow of sludge into the process is chosen to be 3 000 ton DM/year with an average water 

content of 76.8 %. This corresponds to 0.42 kg/s of dewatered sludge. By co-locating the 

pyrolysis  
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Fig 40; System boundary of the energy balance evaluated with major energy flows given.  

4.1 Energy calculation for drying process 

The drying process was modeled as a belt dryer with warm air as the drying media. Several 

assumptions had to be made to start the calculation and they are summarized in table 7. The 

temperature of the dewatered sludge entering the system was assumed to be 10 °C with a dry 

matter of 23.2 %, DMsludge,in. The same temperature was assumed for the outdoor air entering 

the dryer, Tair,in, with a relative humidity, RHair,in, of 60 %. The drying process was assumed 

to give a product sludge with a dry matter of 95 %, DMsludge,out. The drying temperature was 

set to 90 °C, Tair,drying, with the reasoning that low quality heat could be utilized for the drying 

process. By co-location of the pyrolysis plant to a combined heat and power plant this type of 

heat could be readily available as waste heat from the heat and power process.  

Table 7; Parameters with assumed values for calculation of energy demand for drying. 

Parameter Value Parameter Value 

msludge 0.42 kg/s  Tair,out 30 °C  

DMsludge,in 23.2 % DMsludge,out 95 % 

Tsludge,in 10 °C Tsludge,out 70 °C 

Tair,in 10 °C Tair,drying 90 °C 

RHair,in 10 % RHair,out 90 % 

The enthalpy Eair,in and humidity Xair,in of the air are then given from table data to be 29.4 

kJ/kg dry air and 0.00463 kg H2O/kg dry air respectively. Heating this air to the drying 

temperature, Tair,drying, of 90 °C, without addition of water gives the same humidity, Xair,in, but 

the relative humidity, RHair,drying, changes to 0,3 % with an enthalpy, Eair,drying, of 103.1 kJ/kg 

dry air. The enthalpy difference between the drying air and the incoming air is then (103.1 – 

29.4) = 73.7 kJ/kg dry air. The enthalpy of the air going out from the dryer is given by 

equation 1: 

Equation 1: 
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𝐸𝑎𝑖𝑟,𝑜𝑢𝑡  =  𝐸𝑎𝑖𝑟,𝑑𝑟𝑦𝑖𝑛𝑔 − (𝑇𝑠𝑙𝑢𝑑𝑔𝑒,𝑜𝑢𝑡 − 𝑇𝑠𝑙𝑢𝑑𝑔𝑒,𝑖𝑛) × 𝐶𝑝,𝑠𝑙𝑢𝑑𝑔𝑒 ×
𝑚𝑠𝑙𝑢𝑑𝑔𝑒

𝑚𝑎𝑖𝑟

− (𝑇𝑠𝑙𝑢𝑑𝑔𝑒,𝑜𝑢𝑡 − 𝑇𝑠𝑙𝑢𝑑𝑔𝑒,𝑖𝑛) × 𝐶𝑝,𝑤 ×
𝑚𝐻2𝑂

𝑚𝑎𝑖𝑟
 

where Eair,out is the energy of the outgoing air, Tsludge,out is the temperature of the outgoing 

sludge, Tsludge,in is the temperature of the sludge entering the dryer, Cp,sludge is the specific heat 

of the sludge, msludge is the mass flow of sludge, mair is the mass flow of air and Cp,w is the 

specific heat of water, 4.18 kJ/kgK. The amount of water evaporated in the dryer, 𝑚𝐻2𝑂, 

results from the water contents in incoming, DMsludge,in, and outgoing, DMsludge,out, sludge and 

the mass flow of sludge, msludge. Based on the assumptions made in table 7, the mass flow of 

evaporated water results in 0.315 kg H2O/s.   

The remaining unknown parameter in equation 1 is the mass flow of air required through the 

dryer, mair. Therefore, two assumptions are made. The first is the temperature of the outgoing 

air from the dryer, Tair,out, which is assumed to be 30 °C. The second assumption is that the 

relative humidity of the outgoing air, RHair,out, is 90 %. The combination of these two 

assumptions give from table data a saturated humidity, Xair,out, of 0.025 kg H2O/kg dry air. 

The mass flow of the required air is then given from equation 2, and calculated to 15.7 kg dry 

air per second. 

Equation 2:  𝑚𝑎𝑖𝑟 =
𝑚𝐻2𝑂

𝑋𝑎𝑖𝑟,𝑜𝑢𝑡−𝑋𝑎𝑖𝑟,𝑖𝑛
 

Combined with equation 1, that resulted in an enthalpy of the air exiting the dryer, Eair,out, of 

102.3 kJ/kg dry air.  

Equation 3:  𝑋𝑎𝑖𝑟,𝑜𝑢𝑡 = 𝑋𝑎𝑖𝑟,𝑠𝑎𝑡 ×
𝑅𝐻𝑎𝑖𝑟,𝑜𝑢𝑡

100
×

𝑃−𝑃𝑤,0

𝑃−𝑃𝑤
 

The humidity Xair,out was then calculated from the saturated air, Xair,sat, 27.53 kg H2O/kg dry 

air, the relative humidity RHair,out, 90 %, the total partial pressure P, 101.3 kPa, the saturation 

pressure, Pw,0, 4.242 kPa from table data, and the partial vapor pressure, Pw, which was 

calculated from the saturation vapor pressure and the relative humidity. This resulted in a 

humidity of 0.025 kg H2O/kg dry air going out from the dryer, which was very close to the 

initial assumption, thus resulting in a required air flow of 56.6 tons dry air per hour. The size 

of the required air flow corresponded well to the value calculated from the assumed 

temperature of the air leaving the dryer. The total energy consumption for drying the sludge, 

Edrying, was then given from the difference between Eair,drying and Eair,in, multiplied with the 

required air, mair, which resulted in 1160 kW. 

Equation 4:  𝐸𝑑𝑟𝑦𝑖𝑛𝑔 = 𝑚𝑎𝑖𝑟 × (𝐸𝑎𝑖𝑟,𝑑𝑟𝑦𝑖𝑛𝑔 − 𝐸𝑎𝑖𝑟,𝑖𝑛) 

The water and air leaving the system was considered an energy loss as the energy carried 

there not was utilized.  

4.2 Energy calculation for pyrolysis process 

The energies involved in the pyrolysis process can be separated in two parts where the first 

one is the energy required to heat the sludge from ambient temperature to the pyrolysis 

temperature, Epy,heating. The second part is the energy required to drive the pyrolysis reactions 

forward, Epy, reaction, and this energy has been estimated by Caballero et al. (1997) to be 300 

kJ/kg.  
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Equation 5: 

𝐸𝑝𝑦,ℎ𝑒𝑎𝑡 = 𝑚𝑠𝑙𝑢𝑑𝑔𝑒 × (1 −
𝑇𝑆𝑠𝑙𝑢𝑑𝑔𝑒

100
) × (𝐶𝑝,𝑤 × (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) + ∆𝐻𝑣𝑎𝑝) + 𝑚𝑠𝑙𝑢𝑑𝑔𝑒 ×

𝑇𝑆𝑠𝑙𝑢𝑑𝑔𝑒

100
× 𝐶𝑝,𝑠𝑙𝑢𝑑𝑔𝑒 × (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) + 𝑁2,𝑓𝑙𝑜𝑤 × 𝜌𝑁2

× 𝐶𝑝,𝑁2
× (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) 

The mass flow of the dried sludge, msludge, resulting from the drying process was 0.102 kg/s 

with a TS of 95 %. In this calculation the pyrolysis temperature, Tpy, was set to 850 °C and the 

ambient temperature, Tamb, to 10 °C. The heat capacity of the sludge, Cp_sludge, used in the 

calculation was taken from a similar evaluation by Kim and Parker (2008), where they 

concluded a value of Cp,sludge 1.94 kJ/kgK TS as a representative value. Specific heat of char, 

Cp,char, was assumed to be the same as for ashes (Solids – specific heat), which is 0.84 kJ/kgK 

TS. The nitrogen flow was assumed to be 50 m3/h and the density of nitrogen gas, ρN2, is 1.25 

g/L and specific heat, Cp, N2, of 1.04 kJ/kgK. The energy required to heat the sludge to 850 °C 

was then calculated to Epy, heating = 202.7 kW and the energy for the pyrolysis reactions was 

calculated to Epy, reaction = 29.0 kW.  

The energy going out from the pyrolysis part of the system, fig 40, is comprised of the warm 

char and combustible gases, both condensable and non-condensable. A straight-forward way 

to calculate the energy going out of the system as combustible gases is to take the difference 

in chemical energy between the sludge entering and the char exiting the system, i.e.  

Equation 6:  𝐸𝑐𝑜𝑚𝑏.𝑔𝑎𝑠 = 𝐸𝑠𝑙𝑢𝑑𝑔𝑒,𝑐ℎ𝑒𝑚 − 𝐸𝑐ℎ𝑎𝑟,𝑐ℎ𝑒𝑚 

Equation 7:  𝐸𝑠𝑙𝑢𝑑𝑔𝑒,𝑐ℎ𝑒𝑚 = 𝑚𝑠𝑙𝑢𝑑𝑔𝑒 × 𝐻𝐻𝑉𝑠𝑙𝑢𝑑𝑔𝑒 

Equation 8:  𝐸𝑐ℎ𝑎𝑟,𝑐ℎ𝑒𝑚 = 𝑚𝑐ℎ𝑎𝑟 × 𝐻𝐻𝑉𝑐ℎ𝑎𝑟 

The higher heating values, HHV, were used, as they were measured on the sludge in the 

pyrolysis experiments described earlier. The mass flow of char was estimated from the 

pyrolysis experiments carried out earlier and for sludge 1 at 850 °C the char yield was 48.9 % 

which gives a mass flow of char, mchar, 0.050 kg/s. The HHV for sludge 1 was 15.8 MJ/kg 

and for char resulting from pyrolysis at 850 °C the HHV was 13.4 MJ/kg. The resulting 

energy leaving the system as combustible gases, Ecomb,gas, was 941 kW. In order to utilize this 

chemical energy there should be some type of combustion facility directly connected to the 

outlet of the combustible gases from the pyrolysis equipment. The efficiency of such an 

incineration was assumed to be 80 % based on that the higher heating value was used and 

losses due to radiation and incomplete combustion. That would result in (0.8 * 941 kW =) 753 

kW of heat and a heat loss of (941 – 753 kW =) 188 kW.  

The char leaving the process carries heat as it leaves the system and this heat was not 

considered recoverable. The heat loss with the char was then given by the mass flow of char, 

mchar, 0.050 kg/s, specific heat of char and the temperature difference to the ambient 

temperature. That resulted in a heat loss, ∆Hchar,loss, of 35 kW.  

Equation 9:  ∆𝐻𝑐ℎ𝑎𝑟,𝑙𝑜𝑠𝑠 = 𝑚𝑐ℎ𝑎𝑟 × 𝐶𝑝,𝑐ℎ𝑎𝑟 × (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) 

The gases leaving the system were also carrying energy as heat, which was more difficult to 

estimate, as that required knowledge about its composition. The non-condensable gaseous 

species are rather straight forward to analyse using gas chromatography. However the 

condensable gases are less accessible and requires more advanced equipment to determine 
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their structure. In this energy balance the heat contribution from the condensable gases was 

therefore excluded and result as one of the energy losses compensated for with heat added to 

the system from the outside. The heat carried by the non-condensable gases was estimated 

from the composition of gases resulting from pyrolysis of sewage sludge carried out by 

Inguanzo et al. (2002). The partitioning between the gases formed are described in table 8, 

and there an average value of the specific heat from these gases was calculated.  

Table 8; Specific heat of pyrolysis gases and the calculation of an average specific heat for gases 

resulting from sewage sludge pyrolysis as reported by Inguanzo et al. (2002). 

Gas 
Cp-value 

kJ/kgK 
% of gas 

Contribution to 

average Cp 

CO2 0.844 2 0.02 

CO 1.02 25 0.26 

H2 14.32 35 5.01 

CH4 2.22 7 0.16 

O2 0.92 2 0.02 

H2O 4.19 19 0.80 

N2 1.04 10 0.10 

Cp_avg. gases 100 6.36 

 

Inguanzo et al. (2002) also described how the sludge was partitioned by mass into the 

pyrolysis products char, tar and gases and they reported 16 wt. % as gas, 45 wt. % as char and 

38 wt. % as tar. Applied in the energy balance that would give a mass flow, mgases, of 

(0.16*0.102 =) 0.016 kg gas/s.  

∆𝐻𝑔𝑎𝑠𝑒𝑠 = 𝑁2,𝑓𝑙𝑜𝑤 × 𝜌
𝑁2

× 𝐶𝑝,𝑁2
× (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) + 𝑚𝑔𝑎𝑠𝑒𝑠 × 𝐶𝑝,𝑎𝑣𝑔.𝑔𝑎𝑠𝑒𝑠 × (𝑇𝑝𝑦 − 𝑇𝑎𝑚𝑏) 

The total energy in the gases, ∆Hgases, is then 102.1 kW.  

In table 9 the energy balance is summarized. There it is evident that that the energy input to 

the system is larger than the energy output. The losses account for in total 535 kW which is 

almost 40 % of the energy going out from the system. The losses correspond to the energy 

input required for the system. The largest energy demand was from the drying of the sewage 

sludge, and required 83 % of the added energy. The pyrolysis needed only 8 % of the total 

energy and the combustible gases together with the heat they carried could provide 31 % of 

energy, which meant that the process could be self-sustaining if the drying was excluded.  

Table 9; Summary of the energy balance. 

In kW % of E_in % of total Energy 

E_drying 1158.5 83 42 

E_pyrolysis 231.7 17 8 

Sum: E_in 1390.2     

Out kW % of E_out % of total Energy 

E_comb.gases 753 54 27 

∆H_gases out 102.1 7 4 

E_char_loss 35 3 1 
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E_comb.gas_loss 188 14 7 

Sum: E_out 1078.2     

E_loss_drying 312 22 11 

  

5. Discussion 

There is no doubt that the concentration of cadmium can be lowered from sewage sludge 

using pyrolysis at temperatures above 650 °C. Although some variation occurs between the 

different sludges, the end result is the same and is perfectly in line with what Kistler et al. 

(1987) and others have reported. What it means is that this treatment could be suitable to 

convert sewage sludge into a char that would meet future demands from regulatory authorities 

regarding cadmium. The addition of chlorine was in the case of cadmium not as clear as Luan 

et al. (2013) had observed with their incineration experiments. The reason for that might be 

caused by the temperature window used for this evaluation. Especially with the German 

sludges, the resulting char had their cadmium levels significantly reduced already at the 

lowest temperature 650 °C without additive compared to the concentrations in the sludge, 

which made it difficult to draw any further conclusions from the effect of chlorine. The 

cadmium level at the higher temperatures with these two sludges was also difficult to interpret 

as it not was reduced to the low level that was obtained with the Swedish sludge despite the 

larger effect at 650 °C. It could be an effect of the uncertainty in the measurement and 

indicate the difficulty in measuring concentrations at these low levels, which are close to the 

detection limit in the analysis methods used. 

The lead-concentration is also reduced, but for that to happen the higher temperatures are 

required, which is in line with data presented by Hu et al. (2007). Addition of chlorine in the 

form of straw and PVC gives interesting results as both additives lower the temperature 

required for lead to evaporate. With the sludge from Düsseldorf, which also had the highest 

concentration of lead initially, the presence of PVC causes lead evaporation at 750 and 850 °C 

to the same levels as observed without additive at temperatures 850 and 950 °C respectively, 

which is a decrease in required temperature by 100 °C. Sludges from Helsingborg and 

Georgsmarienhütte also had their lead concentrations reduced at the highest temperatures but 

they were not affected as clearly by the additive in this case.  

Zinc is affected in almost the same way as lead by the addition of chlorine to the sludge. The 

evaporation trend is consistent for the three sludges even though their final concentrations are 

different. Straw seemed a little more effective than PVC in lowering the concentration of zinc 

in the Swedish sludge at the highest temperature. The results correspond well to incineration 

studies of municipal solid waste where heavy metal partitioning have been studied with 

different chlorine additives (Chiang et al., 1997).    

Noteworthy is that sludge from Georgsmarienhütte had a much higher chlorine concentration 

initially than the two other sludges due to addition of iron chloride as phosphorus 

precipitation agent at the wastewater treatment plant. With silver in chars G, there was a 

smaller variation between the experiments run with and without added PVC. This could be 

explained by the already high content of chlorine in the sludge G and the effect of added 

chlorine did therefore not have the same effect on the availability of chlorine and hence the 

equilibrium was not shifted more in favour of the more volatile silver chloride because it was 

already shifted in that direction by the high concentration in the sludge. Different affinities 
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between the metal species and chlorine could be an explanation to why this effect only was 

visible for silver and not for the other metals here evaluated.  

The sludge from Helsingborg, the only one treated with straw additive, showed a sharp 

decrease in the mass balance for silver with increasing temperature when straw was added. 

Compared to PVC the effect was much larger, despite the fact that the chlorine concentration 

initially was 10 times larger with PVC than straw. This suggests that there is a difference in 

the chlorine effect depending on the type of chlorine available, i.e. organic chlorine like PVC 

and inorganic chlorine like straw, in favour of the inorganic chlorine. These results are well in 

line with findings by Wang et al., (1999) who studied waste incineration spiked with organic 

and inorganic chlorides.  

For all cases in this evaluation the concentration regulation, regulation 1998:994, was the 

limiting one. What one has to bear in mind is that the regulations for distributed amounts of 

sludge on farmland depend on the phosphorus concentration in the material. Sludges here 

evaluated are slightly higher in phosphorus concentration than the average Swedish sludge. 

To compensate for variations in sludge quality the regulations have to be more general but the 

most important aspect is that the limits should have a safety margin to where harmful effects 

on the environment can be observed, both in human and in nature. 

The high variance in measured values for the mercury concentration in the untreated sludges 

from Düsseldorf and Georgsmarienhütte was probably a result of the high volatility of 

mercury which makes it more difficult to analyse. However, the variability did not have any 

impact on the results because the metal was not detected at all in the chars which mainly was 

a result of its high vapor pressure.  

In retrospect it was a little unfortunate that straw was removed from the experimental matrix 

as there were several interesting results with the few runs where it was used. But as the main 

focus initially was on cadmium, the decision was motivated, and the same results were 

obtained with PVC.   

The energy balance over the drying and pyrolysis system indicated that the most energy 

demanding process in the system is drying of dewatered sludge. A positive result is that the 

energy obtained from pyrolysis gases is enough to sustain the pyrolysis process, once it is 

initiated. At startup of such a facility there will be a demand for external energy but once the 

process has reached steady state, external energy input has the potential of being small. 

5.1 Fertilizer potential – Cd/P-ratio, heavy metals and pathogens 

The most important question is whether pyrolysed sewage sludge is better suited as fertilizer 

than the untreated sludge. The pathogens present in sewage sludge have all been destroyed at 

the temperatures used here. Pharmaceutical residues and hormones are organic compounds 

that readily should decompose under the pyrolysis conditions in the same manner as other 

organic substances, like e.g. cellulose. However very few studies are reported on this subject. 

Polyaromatic hydrocarbons are tougher and there are evidence that they both are formed (Dai 

et al., 2014) and destroyed (Hu et al., 2007) during pyrolysis. As the results here indicated the 

concentration of the metals cadmium, lead, mercury, silver and zinc can be decreased using 

this process. Nickel levels can be reduced under certain circumstances but for copper and 

chromium it is not possible to decrease the concentrations at the temperatures tested here. For 

them there is instead an issue with increasing concentrations with increasing treatment 
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temperature. However, it is clear that pyrolysis treatment can improve several of the 

properties that are negative with sewage sludge, but not on all.  

6. Conclusions 

Pyrolysis of sewage sludge at the temperatures evaluated in this project is a promising 

treatment in order to decrease the levels of heavy metals in the material. Cadmium can be 

reduced to less than 0.05 mg/kg TS in the char product and that is well below the limits of 

both concentration in the material and the amount allowed to distribute on farmland.  

The levels of all metals are affected at these temperatures. Some will increase and some will 

decrease in concentration. The initial concentration in the sewage sludge will therefore serve 

as a guide to what temperature the specific sludge should be pyrolysed at in order to achieve 

the best char with respect to lowest concentration of the heavy metals.  
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Appendix 1 – Experimental data from pyrolysis experiments 

Run Sludge 
Temp 
[°C] 

Date Additive 
m_PVC+ 

[g] 
m_sludge 

[g] 
m_tot 

[g] 
wt % Cl 

m_char 
[g] 

Char 
Yield 

avg Char 
Yield 

1 1 600 2014-10-21     124,6     68,5 55,0%   

2 1 600 2014-10-21     134,8     75,1 55,7% 55,4% 

3 1 650 2014-10-21     148,1     79,3 53,5%   

4 1 650 2014-10-21     139,2     76,1 54,7% 54,1% 

5 1 550 2014-10-22     140,5     79 56,2%   

6 1 550 2014-10-22     146,5     82,6 56,4% 56,3% 

7 1 700 2014-10-22     139,5     73,7 52,8%   

8 1 700 2014-10-22     148,9     79,7 53,5% 53,2% 

9 1 750 2014-10-23     152,8     79,7 52,2%   

10 1 750 2014-10-23     149,2     77,5 51,9% 52,1% 

11 1 850 2014-11-06     152,3     74,7 49,0%   

12 1 850 2014-11-06     151,5     75,2 49,6%   

13 1 850 2014-11-06     146,7     70,6 48,1% 48,9% 

14 1 950 2014-11-06     173     76,7 44,3%   

15 1 950 2014-11-06     155,9     71,6 45,9%   

16 1 950 2014-11-06     135,4     60,5 44,7% 45,0% 

17 1 650 2014-11-18 straw   132,2     52,7 39,9%   

18 1 650 2014-11-18 straw   135,3     54,6 40,4%   

19 1 650 2014-11-18 straw   132,5     53,1 40,1%   

20 1 650 2014-11-19 straw   134,5     54,4 40,4% 40,2% 

21 1 850 2014-11-19 straw   137,2     52 37,9%   

22 1 850 2014-11-19 straw   139     51,7 37,2%   

23 1 850 2014-11-19 straw   134,3     49,3 36,7%   

24 1 850 2014-11-19 straw   133,8     48,7 36,4% 37,1% 

25 1 950 2014-11-19 straw   134,7     45,4 33,7%   

26 1 950 2014-11-20 straw   142,3     48,3 33,9%   

27 1 950 2014-11-20 straw   136,9     46 33,6%   

28 1 950 2014-11-20 straw   130,1     42,6 32,7%   

29 1 950 2014-11-20 straw   139,7     47,4 33,9% 33,6% 

30 1 850 2014-11-24 PVC+ 4,00 147,4 151,4 1,49% 73,7 48,7%   

31 1 850 2014-11-24 PVC+ 4,00 150,6 154,6 1,46% 74,6 48,3%   

32 1 850 2014-11-24 PVC+ 4,15 149,7 153,9 1,52% 76 49,4% 48,8% 

33 1 950 2014-11-24 PVC+ 4,00 150 154,0 1,47% 70,1 45,5%   

34 1 950 2014-11-24 PVC+ 4,05 151,1 155,2 1,47% 74,5 48,0% 46,8% 

35 1 650 2014-11-25 PVC+ 4,05 150,7 154,8 1,48% 84,1 54,3%   

36 1 650 2014-11-25 PVC+ 4,00 149,8 153,8 1,47% 83 54,0%   

37 1 650 2014-11-25 PVC+ 4,02 148,5 152,5 1,49% 84,4 55,3% 54,5% 

38 2 650 2015-02-23     210,5     110,3 52,4%   

39 2 650 2015-02-23     228,5     120,9 52,9% 52,7% 

40 2 650 2015-02-24 PVC+ 5,41 200,6 206,0 1,48% 107,7 52,3%   

41 2 650 2015-02-24 PVC+ 5,53 204 209,5 1,49% 109,6 52,3% 52,3% 

42 2 750 2015-02-24     209,6     109,6 52,3%   
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43 2 750 2015-02-24     224     114,5 51,1% 51,7% 

44 2 750 2015-02-24 PVC+ 5,85 215,7 221,6 1,49% 113,8 51,4%   

45 2 750 2015-02-25 PVC+ 5,93 218,3 224,2 1,49% 115,3 51,4% 51,4% 

46 2 850 2015-02-25     223,8     111,1 49,6%   

47 2 850 2015-02-25     226,8     113,1 49,9% 49,8% 

48 2 850 2015-02-25 PVC+ 6,18 228,2 234,4 1,49% 115,6 49,3%   

49 2 850 2015-02-25 PVC+ 5,90 219,2 225,1 1,48% 110,9 49,3% 49,3% 

50 2 950 2015-02-26     223,9     107,9 48,2%   

51 2 950 2015-02-26     223     107,4 48,2% 48,2% 

52 2 950 2015-02-26 PVC+ 5,89 216,1 222,0 1,50% 0 0,0% Failed 

53 2 950 2015-02-26 PVC+ 5,97 218,9 224,9 1,50% 108 48,0%   

54 2 950 2015-02-26 PVC+ 5,91 214,9 220,8 1,51% 107,1 48,5% 48,3% 

55 3 950 2015-02-26     85,3     29,2 34,2%   

56 3 950 2015-02-26     110,4     41,6 37,7%   

57 3 950 2015-02-27     154,8     55,7 36,0%   

58 3 950 2015-02-27     155,7     56,4 36,2%   

59 3 950 2015-02-27     161,2     57,3 35,5% 36,0% 

60 3 950 2015-02-27 PVC+ 4,07 150,9 155,0 1,48% 56 36,1%   

61 3 950 2015-02-27 PVC+ 4,15 152,5 156,7 1,50% 55,5 35,4%   

62 3 950 2015-03-02 PVC+ 4,20 153,4 157,6 1,50% 56,5 35,9%   

63 3 950 2015-03-02 PVC+ 4,15 151,9 156,1 1,50% 55 35,2% 35,7% 

64 3 850 2015-03-02     147,9 147,9   57,2 38,7%   

65 3 850 2015-03-02     152,6 152,6   59 38,7%   

66 3 850 2015-03-02     156,7 156,7   60,8 38,8%   

67 3 850 2015-03-03     154,4 154,4   58,9 38,1% 38,6% 

68 3 850 2015-03-03 PVC+ 4,26 156,2 160,5 1,50% 62,2 38,8%   

69 3 850 2015-03-03 PVC+ 4,34 157,2 161,5 1,52% 63 39,0%   

70 3 850 2015-03-03 PVC+ 4,17 153 157,2 1,50% 61,2 38,9%   

71 3 850 2015-03-04 PVC+ 4,25 156,8 161,1 1,49% 63 39,1% 39,0% 

72 3 750 2015-03-04     167,4 167,4   69,8 41,7%   

73 3 750 2015-03-04     162,1 162,1   68,5 42,3%   

74 3 750 2015-03-04     161,4 161,4   69,7 43,2%   

75 3 750 2015-03-04     166,2 166,2   69,6 41,9% 42,2% 

76 3 750 2015-03-04 PVC+ 4,40 161,1 165,5 1,50% 69,9 42,2%   

77 3 750 2015-03-05 PVC+ 4,73 171,6 176,3 1,51% 76,3 43,3%   

78 3 750 2015-03-05 PVC+ 4,66 167,9 172,6 1,52% 74 42,9% 42,8% 

79 3 650 2015-03-05     156,2 156,2   69 44,2%   

80 3 650 2015-03-05     162,4 162,4   72,2 44,5%   

81 3 650 2015-03-05     159,9 159,9   71,5 44,7% 44,5% 

82 3 650 2015-03-05 PVC+ 4,20 154,2 158,4 1,50% 70,8 44,7%   

83 3 650 2015-03-05 PVC+ 4,64 169,2 173,8 1,51% 77,7 44,7%   

84 3 650 2015-03-06 PVC+ 4,40 161,3 165,7 1,50% 74,2 44,8% 44,7% 
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Appendix 2 – Experimental data from heating value measurement 

Order Date Run Sample id Mass HHV ΔT Avg. HHV 
Difference  

HHV 
Difference  

HHV 

        [g] [kJ/kg] [K] [kJ/kg] [kJ/kg] [%] 

4 2015-05-11 4a H 650 1,017 13357 1,308 
13249 216 1,63 

19 2015-05-12 4b H 650 1,001 13141 1,267 

6 2015-05-11 6a H 750 1,013 12755 1,245 
12822 134 1,04 

21 2015-05-12 6b H 750 0,999 12889 1,240 

14 2015-05-12 14a H 850 0,998 13428 1,291 
13371 114 0,85 

29 2015-05-13 14b H 850 1,001 13314 1,283 

2 2015-05-11 2a H 950 1,012 13472 1,313 
13350 245 1,84 

17 2015-05-12 2b H 950 1,001 13227 1,276 

9 2015-05-12 9a Helsingborg 1,006 15779 1,525 
15827 95 0,60 

24 2015-05-12 9b Helsingborg 0,999 15874 1,524 

12 2015-05-12 12a D 650 0,999 8279 0,802 
8395 232 2,76 

27 2015-05-13 12b D 650 1,003 8511 0,827 

1 2015-05-11 1a D 750 1,008 8583 0,858 
8646 126 1,45 

16 2015-05-12 1b D 750 1,006 8709 0,848 

11 2015-05-12 11a D 850 0,998 8556 0,828 
8619 125 1,45 

26 2015-05-12 11b D 850 1,001 8681 0,842 

7 2015-05-11 7a D 950 1,011 8864 0,868 
8837 55 0,62 

22 2015-05-12 7b D 950 1,003 8809 0,856 

13 2015-05-12 13a Düsseldorf 1,007 12859 1,247 
12736 246 1,93 

28 2015-05-13 13b Düsseldorf 1,000 12613 1,215 

8 2015-05-11 8a G 650 1,015 9773 0,959 
9685 175 1,81 

23 2015-05-12 8b G 650 1,003 9598 0,931 

15 2015-05-12 15a G 750 1,004 9723 0,944 
9757 69 0,71 

30 2015-05-13 15b G 750 1,001 9792 0,948 

5 2015-05-11 5a G 850 1,016 10605 1,040 
10594 21 0,20 

20 2015-05-12 5b G 850 1,000 10583 1,022 

10 2015-05-12 10a G 950 0,997 10351 0,998 
10304 94 0,92 

25 2015-05-12 10b G 950 1,000 10256 0,991 

3 2015-05-11 3a Georgsmarienhütte 0,993 14660 1,400 
14678 36 0,24 

18 2015-05-12 3b Georgsmarienhütte 0,999 14696 1,413 

 


