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Hanna Hemlin, hanna.hemlin@gmail.com
Nektaria Lalangas, nektaria.lalangas@gmail.com
Degree project in Chemical Engineering
Supervisors:
Henrik Kusar, Department of Chemical Engineering at KTH Royal Institute of Technology
Erik Dahlén, Stockholm Exergi
Stockholm Exergi and Stockholm Vatten och Avfall
August 30, 2018

iv

Abstract
With a growing concern of climate change due to increased levels of CO2 in the atmosphere, carbon sequestration has been suggested as a possible solution for climate change mitigation. Biochar,
a highly carbonaceous product produced through pyrolysis, is considered a viable option due to its
content of stable carbon. This work covers the investigation of the possibility to produce biochar
from four different feedstocks, namely peat, straw, horse manure and sewage sludge. The study
includes a literature study and a five-week trial period at a 500 kW pilot plant, PYREG 500, in
Högdalen. The thermal behaviour of the feedstocks, including garden waste, was investigated using thermogravimetric analysis (TGA). The TGA results were used to decide the optimal pyrolysis
temperature for peat and straw at the pilot plant. The TGA results showed that the feedstocks
behave differently when pyrolysed; the mass loss rate as well as the final mass loss varied. Physiochemical characterisation of the biochar was completed and the results were in agreement with
previous studies. The produced biochar from straw and two types of peat had a C content above
50 wt.% (76.6, 80.7, 79.2 wt.%) and low molar ratios of H/C (0.33, 0.36, 0.38) and O/C (0.032,
0.023, 0.024). The pH increased as a consequence of pyrolysis and the biochars were alkaline (pH
10.1, 8.5, 8.3). Polycyclic aromatic hydrocarbons (PAHs) were found in biochar from both straw
and peat (8.26, 1.03, 5.83 mg/kg). In general, nutrients and heavy metals were concentrated in
the biochar, except for Cd which decreased and Hg which could not be determined. The specific
surface area of biochar from straw was considered small (21 m2 /g) while biochar from peat had a
higher specific surface area with a greater span (102-247 m2 /g). The properties of the produced
biochar were compared to the criteria included in the European Biochar Certificate and some of
them were fulfilled, including the content of C, PAH and heavy metals. A flue gas analysis was
completed when operating the pilot plant on straw pellets and it was showed that several emissions
were released, including NO2 , SOX , HCl and particulates, however, solely the emissions of NO2
exceed the regulations which will be applied in 2020. Regarding process design of a future pyrolysis plant, it is suggested that the means of material transport, particle separation, temperature
control and quenching of biochar should be improved.
Keywords: Biochar, slow pyrolysis, TGA, pilot plant, process design.
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Sammanfattning
I syfte att motverka klimatförändringar har flertalet tekniska lösningar undersökts de senaste åren.
Ett förslag till att minska CO2 -halterna i atmosfären är att skapa kolsänkor. En kolsänka kan uppnås
via produktion av biokol, en kolrik produkt framställd genom pyrolys, då CO2 från atmosfären omvandlas till stabilt kol. I detta projekt har möjligheten att producera biokol från följande fyra råvaror
undersökts: torv, halm, hästgödsel och avloppsslam. Denna studie omfattar en litteraturstudie och
en fem-veckors testperiod vid en 500 kW-pilotanläggning i Högdalen, PYREG 500. Det termiska
beteendet hos råmaterialen, inklusive trädgårdsavfall, undersöktes med hjälp av termogravimetrisk
analys (TGA) och resultatet användes för att bestämma den optimala pyrolystemperaturen för torv
och halm i pilotanläggningen. TGA visade att råmaterialen betedde sig olika när de pyrolyseras;
hastigheten på massförlusten samt den slutgiltiga massförlusten skiljde sig åt. Analys av biokolens
innehåll och ytegenskaper utfördes och resultaten överensstämmer med tidigare studier. Det producerade biokolet från halm och två typer av torv, styckestorv och torv nuggets, hade en kolhalt
över 50 vikt% (76,6, 80,7, 79,2 vikt%), och låga molförhållanden av H/C (0,33, 0,36, 0,38) och
O/C (0,032, 0,023, 0,024). pH-värdet ökade som följd av den termiska behandlingen och de producerade biokolen var alkaliska (pH 10,1, 8,5, 8,3). Polycykliska aromatiska kolväten (PAH)
uppmättes i biokol från både halm och torv (8,26, 1,03, 5,83 mg/kg). Generellt koncentrerades
näringsämnen och tungmetaller i biokolen med undantag för Cd, som minskade i koncentration,
och Hg som inte kunde bestämmas. Biokolet från halm ansågs ha en låg specifik yta (21 m2 /g)
medan biokol från torv hade en högre specifik yta, men något varierande (102-247 m2 /g). Egenskaperna hos biokolen jämfördes med kriterierna i European Biochar Certificate och några av dem
uppfylldes, inklusive halten av kol, PAH och tungmetaller. En rökgasanalys utfördes när halm
pyrolyserades på anläggningen och ett flertal emissioner detekterades såsom SOX , HCl, NOX och
partiklar. År 2020 kommer direktiv gällande NOX utsläpp för en mindre anläggning träda i kraft
och den uppmätta halten av NOX överskrider detta direktiv. För att optimera en pyrolysprocess
likt den i Högdalen är det rekommenderat att se över materialtransport, partikelrening, kontroll av
reaktortemperatur samt nedkylning av biokolet.
Nyckelord: Biokol, pyrolys, pilotanläggning, TGA, processdesign.
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Introduction

Climate change caused by increased levels of CO2 in the atmosphere is a problem many parts of
the society try to tackle. The past several years, C sequestration has been investigated as a possible
option for climate change mitigation. The Intergovernmental Panel on Climate Change (ICPP)
suggests several mitigation options, including CO2 capture and storage (CCS) and enhancement
of biological sinks. However, it is claimed that solely enhanced biological sinks and CCS of
products from biomass combustion result in a removal of atmospheric CO2 , while other options
only reduce or prevent emissions. [1] One type of C sequestration is through the production of
biochar. [1] Biochar is a carbon-rich solid produced by thermal treatment of biomass in an O2
depleted environment. Producing biochar is considered a method for C sequestration as the CO2
taken up by plants during growth is transformed into stable C in biochar, where it is maintained for
many years. [2] Pyrolysis, the technique used to produce biochar is similar to the one of charcoal,
which has been known for many years. Traces from char have even been found in fertile soils in
the Amazon called Terra Petra, dating back around 9000 years. [3, 4] During pyrolysis, additional
products are formed, such as pyrolysis gas, and these may be used for other purposes. Pyrolysis
may be divided into fast and slow, and if char is the desired product, the latter is used. [5]
Another part of climate work is the reuse of waste streams produced in the society by finding new
areas of usage. Currently, there is a pilot plant in Högdalen, Stockholm where garden waste is
pyrolysed to produce biochar and pyrolysis gas is combusted to generate heat. The pilot plant is
a project in collaboration with the City of Stockholm, Stockholm Vatten och Avfall, Stockholm
Exergi and partly financed by Bloomberg Philantropies. Stockholm Vatten och Avfall, Stockholm Exergi and KTH Royal Institute of Technology are interested in the possibility of producing
biochars from other feedstocks which resulted in the formation of this project.
The fields of application of biochar have been discussed and it is suggested that biochar can be
used to manage waste and to mitigate climate change. Due to its great potential, biochar has
become a product of interest and a lot of research is conducted within this field. To receive a better
understanding, there are several aspects that must be investigated; the feedstock, the production
process and the product itself. These parameters affect the end product and its quality.
The aim of this report is to investigate slow pyrolysis of four different feedstocks, namely peat,
straw, horse manure and sewage sludge to receive a better understanding between the feedstock,
process and product. To some extent, combustion of pyrolysis gas has been studied as well. The
investigation includes a five-week trial period at the pilot plant in Högdalen, pyrolysing peat and
straw. A risk assessment is presented to emphasise the risks of the trials at the pilot plant. The
scope of this project does not include finding applications for the produced biochar.
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In the following section general information about the raw materials, pyrolysis and biochar is
presented. The description of raw materials covers the characteristics, abundance and regulations.
The main process, pyrolysis, is presented including some major aspects. Furthermore, biochar is
defined and certificates which are used to characterise biochar are introduced.
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1.1

Feedstocks of Interest

The feedstocks investigated in this report are peat, straw, horse manure, sewage sludge and to some
extent garden waste. In this section the composition and abundance, among other things important
from a pyrolysis point of view, of the raw materials are presented. Different properties of each
feedstock can be studied in Appendix A.
1.1.1 Peat
Peat consists of partially decomposed plants grown in bogs, swamps and marshes. [6] The complex mixture of organic material can be categorised into several groups: bitumens, humic acids,
carbohydrates, such as cellulose and proteinlike substances, and lignin. [7] The composition of
peat is affected by several parameters. All peat consists of cellulose and hemicellulose; however,
the general composition of peat can vary based on its age. It is shown that in younger peat it is
common to find fulvic acids and N, while older peat contains of humic acids. [6] Furthermore, the
accessibility of air affects the peat. Deeper down the ground, where the access of air is limited,
the plants are anaerobically decomposed by microorganism. [7] The level of decomposition has
an effect on the composition; in slightly decomposed peat, plants can be identified by stems and
leaves, while highly decomposed peat resembles a mud without structure. [7] Additionally, the environment and type of vegetation affects the composition. The heterogeneity of peat complicates
its classification. [6]
According to Fuchsman [8], there are different types of peat, such as high- and low-moor peats,
sedimentary and lake peats. The moor peats differ in species; high-moor is mainly characterised
by cottongrass, mosses and heath plants, while low-moor is characterised by mosses, reeds, sedges
and woody plants. Sedimentary and lake peats contain lower levels of organic matter and higher
levels of minerals. Two additional differences between the various peats are the acidity and the
amount of ash remaining after combustion. High-moor peat is typically more acidic, has a pH
value around 3-5 and an ash content below 3 % (dry basis), while low-moor peat has a pH value
of 4-7.5 with an ash content of 3-14 % (dry basis). The ash content in peat can vary between 2-10
%. [7]
Peat is also classified based on its use. There are mainly two types of usage for peat, namely
as energy or horticultural (cultivation) peat. [9, 10] According to the Geological Survey of Sweden [9], Sweden is a significant producer of horticultural peat. The amount of extracted energy
peat is claimed to be similar to the one of horticultural, measured in volume. However, the production of energy peat has decreased over the past several years and in 2016, the use of energy peat
represented only 0.2 % of the total Swedish energy production.
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1.1.1.1 Abundance of Peat in Sweden
Peat is found in many countries, particularly in the northern hemisphere, such as Canada, USA and
Finland. [6] Sweden is one of the countries with a greater amount of peat resources, it covers about
15-25 % of the land. [9, 10] The annual extraction of peat today is estimated to 10 000 ha, which
represents 2 ppm of the total peatland of 6.5 million ha. [10]
According to the Swedish Energy Agency [10] peat is included in the electricity certificate system
1 since 2004, even though it is not classified as a renewable fuel [11], which resulted in an increase
of peat firing to produce electricity. However, as the certificates of the old plants expired in 2012
and only few new plants have been built, this has resulted in a decrease of plants included in the
system.
1.1.1.2 Peat Extraction and Regulations
Peat extraction is described by the Geological Survey of Sweden. [9] To extract peat, a peat pit is
created at an appropriate site. This is accomplished by clearing the land from forest and thereafter
draining it using trenches. The peat is extracted from the land when it is dry enough, often during
dry periods in the spring or summer, and it is placed at a separate site for further drying. Due to the
necessity of a low moisture content, the extraction of peat is heavily season dependent. Therefore,
the production is decreased if the weather is cold and wet during the extraction months.
To increase the usable land for forest production and farming, forest or plant covered peatlands
have to a great extent been drained and trenched. Trenching of land began in the 19th century and
continued to the late 20th century. In many cases, new peat is not formed in these peatlands.
The process of extracting peat from peatland is regulated by the Swedish Environmental Code.
Nowadays, it is mainly permitted to extract peat from land that has already been trenched or
affected by other types of land use. In some parts of the country a dispensation from the law
prohibiting mark draining is required.
1.1.1.3 Environmental Concerns of Peat
According to the Swedish Energy Agency [10], the extraction, degradation as well as the combustion of peat has an impact on the environment and climate. When extracting peat, the plants on
the top layer are partly or totally removed and the whole area is drained. Adjacent areas are also
affected by this process. When peat is to be extracted from new land, an environmental impact assessment is necessary. When degraded, green house gas (GHG) such as CO2 , CH4 and sometimes
N2 O are emitted. Therefore, trenched land can be a significant cause of GHG emissions. [9] When
1 The

electricity certificate system is a Swedish market-based system used to motivate the cost-effective production
of electricity from renewable sources. [11]
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combusted, GHG are emitted as well as nitrogen oxides (NOX ) and SOX . [10] The emissions depend on the content of the peat and the choice of combustion technique. [10] The S content in peat
is higher compared to biomass fuel [12], which might generate higher levels of emissions when
treated thermally.
Rydin et al. [13] discuss the presence and origin of heavy metals in peat. Heavy metals such as
Zn, Pb and Cd can enter the peatland from the atmosphere, especially if the peatland is located
near urban and industrial centres. Hg in rainwater can be absorbed by plants and thereby end up in
peatland. Moreover, U and As can enter the peatland through the groundwater. If the peat contains
large amounts of U, it should not be used as a fuel due to its radioactivity. Peat can contain other
radioactive substances such as Cs-137, from the Chernobyl accident, as well as naturally occurring
Th and daughter nuclides. [12] The amount of Cs-137 varies depending on the location and on
the depth of the extracted peat. [14] During combustion, the radioactive compounds concentrate in
the ash [12] and due to this the ash might be considered contaminated. Contaminated ash is not
allowed to be used on arable land or on soil for cultivation, only on forest land. [14] However, if it
exceeds the threshold values, it must be disposed at a landfill. [14] Furthermore, for a fertiliser to
be approved by KRAV, analysis of heavy metals, pathogens, pharmaceuticals and radioactive compounds have to be conducted. [15] This is essential if the biochar produced from peat is intended
to be used as a fertiliser.
According to Strömberg and Herstad Svärd [12], the amount of heavy metals in Swedish peat is as
low as the one in biomass fuels. The amount of heavy metals, especially Cd, may act as a limiting
factor for the usage of the feedstock. However, the concentration of Cd in peat and biomass ash
varies and for many peats the Cd content is lower compared to biomass.
There is limited information regarding the presence of pharmaceuticals in peat. The sorption of
antibiotics depends on several factors, especially physical parameters, the characteristics of the
material and physicochemical properties of the drug. [16]
It has been discussed whether peat is a renewable or a fossil fuel. Until today it has been classified
worldwide as a fossil fuel or similar to a fossil fuel. However, the Intergovernmental Panel on
Climate Change classifies it as its own category, peat, while in energy statistics peat is categorised
as remaining fuels or in the fuel category brown coal. [10]
1.1.2 Straw
Yuan and Sun [17] describe straw as the remaining part of a cereal plant, after the grain and the
chaff have been removed. Hence, there are different types of straw depending on the type of cereal
plant; barley, oat, wheat etc. Straw counters for approximately 50 % of the dry weight of the
harvest. It is a non-wood material and is mainly built up of single fiber cells with the length of 0.55

3.0 mm. The size of the straw varies, from 1 mm up to 4 dm, or even longer. The straw generally
consists of 35-45 % cellulose (dry basis). The cell wall of the straw is built up of cellulose,
hemicellulose, lignin and other carbohydrate polymers. [18] Historically, straw has been used as
fodder to animals, bedding and as roof material. However, with a growing concern about energy
and the environment, straw has been used in other applications, e.g. for burning.
According to Strömberg and Herstad Svärd [12], straw has some properties requiring consideration
when it is used as a fuel, see section 2.2.1. Different straws have different content and properties;
generally, straw is considered to have a low density and high amounts of ash, Si, Cl, K and other
alkalis. The density of straw varies if it is packed or not. Non-packed straw has an average density
of 50 kg/m3 while the density for packed straw varies between 35-200 kg/m3 , depending on the
packing process. [19] Additionally, Strömberg and Herstad Svärd [12] mention that straw has high
storage and transport costs, which can be reduced if pelletised. The moisture content is reported to
be 10-20 wt.% and the ash content is 4-10 wt.% (dry basis). If the biomass is stored outdoors or
washed at 50-60 °C, the K content can be reduced.
1.1.2.1 Abundance of Straw in Sweden
According to a governmental investigation [20], Sweden is considered to have a large abundance of
straw. In 2007 the abundance was calculated to 420 000 ha.The amount of available straw depends
on its use for other applications and on the production of crops. Additionally, plant breeding has
resulted in shortening of the crops, which in turn decreases the amount of straw. Apart from this,
the weather, the extent of humus and the strength of the ground also affect the amount of available
straw. The Ministry of Enterprise and Innovation [21] reports that two thirds of the amount of
straw available for energy purposes are found on Götaland´s countryside. No surplus is considered
in Norrland, or in the forested land in Svealand and Götaland. It has been reported by Strömberg
and Herstad Svärd [12], that 100 000 tonnes of straw per year is used as fuel in Sweden, mostly in
small farm plants. However, it is believed that the amount of available straw for combustion is ten
times higher than the amount used today. This feedstock is considered to be a part of the electricity
certificate system.
1.1.3 Horse Manure
Horse manure is composed of urine, ordure, bedding, fodder remaining, and water. Horse manure
can sometimes also contain unwanted elements such as bits of wood, stones and plastic gloves,
which is problematic for the aftertreatment. [22] The bedding is commonly made of straw, peat,
wood chips or paper. Horse manure often contains bedding and sometimes up to 90 %, which reduces the density and increases the volume [22]. When reading about horse manure it is important
to distinguish horse manure and horse manure with bedding, also referred as horse muck, since the
6

composition differs. In this report, if nothing else is stated, horse manure is defined to include both
manure and bedding since this is often the case.
According to the Swedish Board of Agriculture [22], in addition to being used as a fertiliser,
horse manure is combusted in power plants in Sweden. Before combustion, a pretreatment step is
necessary; the manure must be either dried, pelletised or mixed with an energy rich fuel such as
straw, pellets or chips. The ashes from combustion can be used as fertiliser. Furthermore, it can be
used for biogas production. Currently Fortum HorsePower is using horse manure as a feedstock to
produce electricity and heat. [23]
1.1.3.1 Abundance of Horse Manure in Sweden
In the same report by the Swedish Board of Agriculture [22], it is claimed that about 2.7 million
tonne horse manure is produced yearly by Swedish horses. The manure from horses kept at farms
is placed on farmland where the fodder is grown. Other farmers either return the manure to the
farm providing the fodder or sell it elsewhere. By fertilising land with horse manure, the cycle
of some nutrients is closed. However, it is claimed that a great part of the horses in Sweden are
close to urban areas rather than farms. Consequently, if the horse keepers cannot utilise the fodder
by themselves or sell it, a different solution is required, which might be costly. In an intermittent
study conducted by the Swedish Board of Agriculture [24] in 2016, it was showed that 76 % of all
horses in Sweden are situated in city areas or adjacent to rural areas. This number is more or less
similar to the ones derived in 2004 and 2010. Furthermore, in 2016 the amount of horses in riding
schools was calculated to 18 300. Due to the large number of horse keepers close to urban areas, it
is of relevance to investigate other solutions for the handling of horse manure. It is suggested that
if the manure is not used as a fertiliser, combustion or gas production are viable options. [22]
1.1.3.2 Regulations and Environmental Concerns of Horse Manure
The Swedish Board of Agriculture [22], describes horse manure as rich in nutrients, namely N
and P, which makes it suitable as a fertiliser. However, it is mentioned that an unwanted loss of
these compounds can occur. N can be lost through leaching to nearby waters or by emissions
to air in form of NH3 , N2 O or NOX . Organic and non-organic P compounds can also be lost
through leaching. The losses of these compounds can cause problems with eutrophication and
over-fertilisation in nearby water and land, therefore, the Swedish Environmental Control regulates
the usage and storage of horse manure. Fertilisation of farmland using horse manure is not allowed
if the farmland is frozen or covered in snow, therefore, spring or summer are the most appropriate
seasons. If the horse manure contains a lot of bedding, manuring is allowed during autumn as well.
The storage site should have the capacity to contain all the horse manure produced when manuring
is not possible. It should also be constructed in a way preventing leakage of nutrients.
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1.1.4 Sewage Sludge
Sewage sludge is a solid product from wastewater treatment corresponding to approximately 1-2 %
of the treated volume. [25] Sewage sludge contains different components depending on the feedstock, commonly nutrients such as P and N, organic impurities and heavy metals. In Stockholm
County around 80 000 tonnes, dry basis, of sewage sludge is produced each year. [26] Sewage
sludge has been considered to be a side-product, but with an increased understanding of the environment and recycling of compounds, sewage sludge is now considered an important and useful
feedstock. [27]
Different wastewater treatment plants have different paths for water cleaning. Generally, it is a
combination of steps including mechanical, chemical, biological cleaning and filtration prior to
the removal of sewage sludge. [28] An example of a cleaning path is depicted in Figure 1.
According to Stockholm Vatten [29], the first step in a wastewater treatment plant is usually to mechanically remove solid compounds to minimise downstream clogging. The mechanical cleaning
consists of three steps: grid, sand catch and pre-sedimentation. Occasionally, the first step also
includes a chemical cleaning, which is added to precipitate pollutants. The grid is cleaned with
e.g. rakes, and the grid waste is dewatered and then deposited at a landfill. After the grid, the
wastewater reaches the sand catch, which separates particles with a diameter >0.15 mm. After the
separation, the contaminated sand enters a sand-dewatering step, and sometimes a sand-cleaning
step, before it is transported to a landfill. Aeration helps avoiding malodour and oxidation of
possibly added Fe2+ . During aeration, volatile components may exit the system.
In addition to the mechanical step, a chemical step is required where salts are added to remove
P. The chemicals are added before the biological step, often in the inlet trench, allowing for the
precipitation of P and metal hydroxide, which act as the flocculant. Certain parameters such as pH,
flocculation time, amount of P and turbulence, affect the precipitation and flocculation. [29] The
added salts usually contain Fe or Al and approximately 90 % of the P is separated. [30]
According to the Swedish Environmental Protection Agency [30], different microorganisms are
used in the biological step to clean the wastewater. The microorganisms degrade organic material
and consume around 20 % of the N present in the water. An additional N-cleaning step can be
included where the water is being transported between different containers with and without O2 .
This makes a beneficial environment for bacteria, which transform NH+ 4 to NO- 3 and then NO- 3
to N2 . Filtration can be added as a last separation step. Filtration facilitates the separation of
remaining compounds, P and N. [29]
During the cleaning path, collection of sewage sludge takes place. The collection of sewage sludge
occurs after the mechanical step, the biological step and sometimes after the chemical treatment,
8

which is depicted in Figure 1. The sewage sludge from the mechanical step is called primary
sludge. According to Swedish Environmental Protection Agency [31], sewage sludge is collected
and treated further. The treatment of the sewage sludge can vary, but it normally includes killing of
pathogenic microorganisms and stabilising of the material. This is achieved by liming, digesting,
composting, pasteurisation or drying.

Figure 1: Possible path for wastewater cleaning.

The density of sewage sludge varies due to the differences in wastewater treatment paths, feedstocks and variation in after-treatment. Stockholm Vatten reported a variation of 1010 kg/m3 to
1030 kg/m3 for the same amount of dry matter (3.6 %). [32]
1.1.4.1 Regulations of Sewage Sludge
There are guidelines and directions for Swedish treatment plants to enhance control and to lower
the amount of hazardous substances in the exiting wastewater. Svenskt Vatten in cooperation with
the Federation of Swedish Farmers, the Swedish Food Federation, the Swedish Food Retailers Federation and Swedish Environmental Protection Agency have developed a certification system called
REVAQ. [33] To receive REVAQ certification, the plant is required to have a certain standard. The
certification system encloses different measures such as traceability, quality of the sewage sludge
and upstream work. The purpose of the certification is to establish and obtain long-term goals to
improve the quality of sewage sludge. [34] Additionally, the REVAQ certification includes return
of nutrients to the agriculture. Svenskt Vatten [35], encourages all wastewater treatment plants
to recieve a certification. Furthermore, they believe only REVAQ-certified sewage sludge should
be used in agriculture. Currently, seven of the eighteen wastewater treatment plants in Stockholm
County are certified. [36]
According to Svenskt Vatten [27], the Swedish parliament has established four environmental quality objectives concerning sewage sludge. The objectives include limited climate impact, non-toxic
9

environment, no eutrophication and housekeeping of resources. Additionally, the European Union
has directives concerning sewage sludge, however, the Swedish directives are considered to be
more strict.
1.1.4.2 Environmental Concerns of Sewage Sludge
It is of importance to construct a sustainable collection of P and N in the wastewater treatment
since these compounds can cause eutrophication when released to lakes and oceans. The nutrients,
in particular P, N, K and S, in sewage sludge should be returned to the land to retain the amount of
nutrients, creating a cycle. [37]
The majority of the produced sewage sludge is used for soil production and approximately 20 %
is used on farmland. [36] However, sewage sludge for farmland can be perilous since its content
may be hazardous due to heavy metals and unwanted organic materials. Due to the demands on
the quality of sewage sludge, finding new applications is therefore considered crucial. If one area
of application is to be restricted or removed, other viable applications are necessary to make use
of the material. [27]
1.1.5 Garden Waste
Garden waste is a heterogeneous waste and can contain leaves, branches, grass and even Christmas
trees. [38] The composition of the garden waste differs seasonally. The scope of this report does
not cover pyrolysis of garden waste, however, it is analysed to enable the comparison with the
other feedstocks and products.
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1.2

Pyrolysis

The process studied in this report is pyrolysis, which is a thermochemical treatment that converts
biomass into high energy biochar, condensable gas, often referred to as oil or tar, and gaseous components, known as non-condensable gas. [5,39]. This treatment is achieved by heating the biomass
in an inert or low O2 atmosphere which causes it to degrade into smaller chemical components.
The efficiency of the pyrolysis as well as the distribution of the products depends on several factors. As biochar is the product of interest in this report, it is necessary to investigate how to achieve
a high biochar yield with a satisfactory quality and a low condensable and non-condensable gas
yield.
The type and properties of the feedstock affects the biochar production. [5] Biomass with high
lignin content results in higher biochar yield. [39] Additionally, a high moist content in the biomass
inhibits the formation of char in the pyrolysis, as it decreases the energy efficiency. [39] The size
of the biomass is of relevance; larger particles cause a temperature gradient which benefits char
formation [39] as well as it facilitates secondary cracking, i.e. char producing reactions. [5, 40]
According to Wang et al. [41], size reduction with e.g. grinders does not only substantially reduce
the C yield, but it also requires energy and capital. Nonetheless, by reviewing several studies on
the effect of particle size on product distribution it is suggested that the influence of the particle
size is still poorly understood. [39, 40]
According to Lanteigne et al. [42] the properties of the feedstock such as thermal conductivity, specific heat and density may affect the pyrolysis. However, these properties are sometimes difficult
to control. Manageable physical properties are the particle size and the moisture content, which
are often controlled to optimise the pyrolysis processes.
Pyrolysis is considered a flexible process meaning that the distribution of products changes as the
operation parameters are modified. The parameter considered of greater importance is temperature.
[39] The pyrolysis temperature, defined as the maximum temperature in the reactor, is most crucial
for the yield and quality of the biochar. Depending on the pyrolysis temperature, the amount
of produced biochar, condensable and non-condensable gas will differ. Even though pyrolysis
has a preforming window between 400-1200 °C, studies show that a low temperature favours the
production of biochar [5,40]. Furthermore, longer gas residence time also contributes to increasing
the yield of biochar. Low temperatures decrease the production of non-condensable gas such as
CO2 , CO, CH4 and H2 . [5]
According to Basu [5], there are several types of pyrolysis such as slow, fast, vacuum, flash etc.
The difference between fast and slow pyrolysis is mainly the time required to heat and pyrolyse the
material. For slow pyrolysis, the time required to heat the fuel is greater than the pyrolysis time,
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for fast pyrolysis it is the opposite. A third option is called intermediate pyrolysis, which operates
in between the conditions of fast and slow. [43] There are several reactors used for pyrolysis and
the desirable product as well as the type of pyrolysis decides which is the most suitable. For fast
pyrolysis, reactors such as fluidised beds and ultra-rapid pyrolysers are two options due to short
residence time and fast heating rates. [5] For slow pyrolysis reactors such as fixed bed, screw
reactor or kilns are options. [5, 43]
The heating rate affects the distribution of the final products. A low heating rate, e.g. <0.01-2
°C/s [5], results in a higher biochar yield, while a fast heating rate results in a higher yield of
non-condensable and condensable gases. Longer residence time and slower heating rate allows
for the formation of secondary biochar, which is formed when volatile compounds react with the
produced biochar. To be noted, a low heating rate has been reported to result in a lower biochar
yield. [44, 45] A slow heating rate increases the amount of secondary biochar. [5]
During pyrolysis, condensable and non-condensable gases are produced along with biochar. For
slow pyrolysis the distribution between condensable, non-condensable gases and biochar can vary
between 20-50 %, 20-50 % and 25-35 % respectively. [46] The distribution varies with the type
of feedstock as well as the operation parameters, therefore, different data exists. Consequently,
different studies have shown different composition of the gases. However, it can be concluded
that at low pyrolysis temperatures, the non-condensable gas mainly consists of CO2 and CO and
smaller amounts of CH4 , H2 and CX HY [40] as well as polycyclic aromatic hydrocarbons (PAH)
and particulate matter. [47]
The composition of the condensable gas also varies with process parameters and feedstock. The
composition of the condensable gas depends greatly on the pyrolysis temperature since degradation
of the components in the biomass occurs at different temperature intervals. [5] Condensable gas
is mainly composed of aldehydes, phenolic compounds and ketones and other compounds such
as carboxylic acids and nitrogenated compounds. [48] Evidently, it is a complex mixture and can
contain up to hundreds of different compounds. However, one of the most commonly identified
groups of compounds is phenolics. [5, 48] The type and number of compounds in the condensable
gas were found to increase with temperature, from 350 to 500 °C, indicating that lignin is still
decomposing at these temperatures. [48]
1.2.1 Tars
The condensable gas produced during pyrolysis consists of two phases: an aqueous and a nonaqueous. The aqueous consists of several types of organo-oxygen compounds with low molecular
weight while the non-aqueous consists of insoluble organics with high molecular weight. [49] The
latter ones are often referred as tars. According to Basu [50], tar is an unwanted by-product when
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performing pyrolysis if the aim is to produce char. Tar is a black liquid with a high viscosity
and it consists of condensed hydrocarbons. Often, the condensation occurs downstream, in colder
sections of the process. The systems required to separate tars from the produced gas are likely
more expensive and complicated than standard cleaning systems. [51] Therefore, it is of interest to
investigate the reactivity and decomposition of tars in order to minimise the demand of downstream
cleaning.
There are different types of tars and their definition varies among studies. In a report by Vreugdenhi and Zwart [51], based on studies by Evans and Milne [52, 53], the the tars are divided as
following:
Primary products: Compounds derived from lignin, hemicellulose and cellulose such as furfurals,
methoxyphenols, levoglucosan and hydroxyacetaldehyde.
Secondary products: Characterised by olefins and phenols.
Tertiary products: Aromatic compounds without O substituents, which are divided into two subcategories:
• Alkalised tertiary products, including methyl derivatives of aromatics, such as toluene, indene and methylnaphthalene.
• Condensed tertiary products, PAHs/AHs without substituent, such as pyrene, benzene, naphthalene, acenaphthylene, anthracene and phenanthrene.
Vreugdenhi and Zwart [51], divided the reactions forming tars into two groups, primary and secondary reactions. Primary reactions are the reactions when biomass decomposes, forming primary
tar. Secondary reactions are further reactions of the primary tar, occurring both inside the biomass
as well as in the gas phase. Secondary reactions result in secondary and tertiary tars. Tars produced
during pyrolysis of biomass are relatively reactive, compared to tars produced during gasification,
due to the high content of side groups as well as O and H. Tars from pyrolysis of biomass mainly
contain primary and some secondary tars.
According to the authors [51], temperature is an important parameter for the formation and reactivity of tars. For instance, the radicals causing further reactions and decomposition of biomass
tars mainly occur at higher temperatures. After the formation of tars, further reactions may occur
resulting in the formation of other products. These reactions occur when tars from biomass are
exposed to elevated temperatures under longer residence time. The tars might even react at room
temperature in the presence of air. Further reactions of tars occur in different phases. One type of
reaction is the one between gas/liquid phase and char/carbonaceous ash. Another type of reaction
is between tars in liquid phase. A third type of reaction is the decomposition of tar compounds
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in the gas phase in an inert atmosphere. The last type of reaction is between gaseous tars and
reactants, often resulting in decomposition of tars. The first two types and the latter two types are
referred as tar polymerisation and tar cracking respectively.
1.2.1.1 Reactivity of Tars
According to Vreugdenhi and Zwart [51], at low temperatures, tars can adsorb or condensate on
C present in the process and on other surfaces. This may result in tars condensing on equipment
or on carbonaceous solid, such as char and soot, in the system. It is known that the condensed
or adsorbed tar may undergo polymerisation reactions, forming heavier hydrocarbons. Tars might
condensate and thereafter polymerise at colder parts of the plant, e.g. at temperatures around 200400 °C. The adsorbed tar in porous carbonaceous solid can also react with the solid itself which
obstructs desorption.
Vreugdenhi and Zwart [51] presented several studies and from their results it was shown that pyrolytic tars are thermally cracked at varying temperatures. Thermal cracking is defined as the
cracking of tars without the presence of a solid under inert conditions, i.e. an inert and empty
reactor. By presenting four studies of biomass pyrolysis, it is shown that pyrolytic tars are thermally cracked at temperatures between 600-1000 °C. It is also observed that temperatures between
850-1200 °C are required to crack non-oxygen-containing aromatic compounds. It is concluded
that tertiary tars require higher temperatures and/or longer residence times for thermal cracking
compared to pyrolysis tars, which are considered as primary and secondary tars.
The decomposition of tars depends on different parameters such as the partial pressure of both the
tar and the reactant as well as the reaction temperature and the residence time at this temperature.
Moreover, the decomposition is affected by the properties of the tar, e.g. the chemical composition,
concentration of different compounds and the grade of the tar (i.e. primary, secondary or tertiary).
[51] Zhai et al. [54] have investigated secondary thermal cracking of tar produced from rice husk
through pyrolysis. Increasing the temperature, in addition to a longer residence time, resulted in
less tar present in the gaseous phase.
Tar cracking can be performed in the presence of air, called partial oxidation. Houben [55] has
written a report regarding removal of tar through partial oxidation. According to the author’s
literature study, partial oxidation is considered a valid alternative in order to reduce tars in the
gas stream. As with thermal cracking, the temperature and the residence time is of importance in
addition to the ratio of O2 present in the chamber. The literature study indicates that the cracking
of tar partly results in the formation of CO, which is beneficial. [56]
Ahrenfeldt et al. [57] studied the destruction of tar produced from wood pellets through pyrolysis;
both the effect of temperature (800-1050 °C) and the O2 ratio (0-0.7) were investigated. The
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conclusion was that partial oxidation can be an alternative to reduce and to convert primary tars.
If the excess air ratio is above 0.3, a temperature of 950 °C is sufficient enough to remove phenol
completely. If the ratio is lower, the required temperature increases. Moreover, the moisture
content of the feedstock was shown to affect the partial oxidation. Ahrenfeldt et al. [57] also refers
to an article by Brant and Henriksen where straw was pyrolysed at 600 °C and the pyrolysis gas
was partially oxidised to remove tars. At 900 °C, and with an air ratio of 0.3, the reduction of tars
was 98 %.
1.2.2 Pretreatment of Feedstock
Fang [42] has described pretreatment of biomass before pyrolysis. Different feedstocks have different properties; therefore, pretreatment might be necessary to e.g. minimise heat and mass transfer
problems and to fulfill operating conditions. Drying is necessary if the moisture content is too
high. Size reduction, mainly for materials with low moisture content, might be required and is
achieved through e.g. hammermilling or shredding. On the contrary, material with low density can
undergo size increment. Size increment, such as pelletising, could be necessary if only partial conversion takes place. Additionally, sorting is another pretreatment needed if the feedstock contains
unwanted material. According to Hoekman et al. [58], pretreatment is also a way of increasing the
energy density of the material. This means increasing the C content while decreasing the O content.
Transportation, handling and storage of biomass are often improved through pretreatment.
According to Tumuluru et al. in a critical review by Carpenter et al. [59], pretreatment also includes
formulation of feedstock, which can be accomplished in three different ways. Biomass from multiple sources can be blended in order to control different variations in the biomass. Aggregation is the
combination of different biomass resources to form one consistent feedstock. Lastly, amendment is
the combination of different biomass resources and non-biomass additives. Through formulation,
feedstock specifications can be met. Pretreatment for each of the four feedstocks investigated in
this report is discussed in section 2.
1.2.3 Cellulose, Hemicellulose, Lignin and Plastics
Lignocellulosic biomass is to a large extent built up of cellulose, hemicellulose and lignin. The
amount of cellulose differs for different plants and it is usually present with hemicellulose and
lignin. Cellulose consists of hydrogen bonds which contributes to its strong properties. [60]
According to Basu [61], the cell wall of a plant is also built up of hemicellulose which has a
more amorphous and random structure compared to cellulose. Hemicellulose is found in different
shapes, but generally it consists of simple sugar units such as D-glucose, L-ababinose and Dxylose. Lastly, lignin is a branched polymer which is found in the secondary cell wall. It consists
of different phenylpropane units such as 4-propenyl phenol, 4-propenyl-2,5-dimethoxyl phenol and
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4-propenyl-2-methoxy phenol.
Since many of the feedstocks discussed in this report consist of cellulose, hemicellulose and lignin,
the behaviour of these components during pyrolysis are investigated. Zhou et al. [62] performed
both thermogravimetric analysis (TGA) using a heating rate of 10 °C/min and macro-TGA on dried
cellulose, hemicellulose, namely xylan, and lignin. A larger sample was used for macro-TGA and
both fast and slow pyrolysis were tested. From the TGA it was observed that hemicellulose mainly
decomposed between 200-350 °C. Cellulose starts to decompose later, approximately around 300
°C and the decomposition is intensive. The rate of decomposition of lignin was low over a wide
temperature interval, starting around 200 °C and peaking at 337.9 °C and 767.9 °C. The derivative
thermogravimetric (DTG) curves, showing the mass change derivative, varied depending on the
heating rate and sample size. From the results it is observed that the sample mass affects the
decomposition. Comparing slow pyroysis of TGA and macro-TGA, the decomposition of all three
compounds occurs at higher temperatures for the latter one. This is explained by limitations in heat
transfer when the mass increases. Parts of the cellulose did not react during macro-TGA, resulting
in a larger residue content. Moreover, the heating rate affects the decomposition - increasing the
heating rate decreases the solid yield. The decomposition of cellulose, hemicellulose and lignin is
in line with a study conducted by Yang et al. [63]
The feedstock considered in this report can contain traces of plastics and is therefore of interest
to investigate pyrolysis of plastics. The behaviour of plastics when undergoing pyrolysis has been
summarised in a review by Sharuddin et al. [64]. The derived conclusion is that the pyrolysis temperature is the parameter with greatest impact for the decomposition. It is suggested that, in order
to decompose plastics and produce the largest amount of char and gas, a pyrolysis temperature of
at least 500 °C is required. The behaviour of plastics is not discussed further in this report since
the traces are considered to be small in the investigated feedstocks.
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1.3

Process Related Emissions and Problems

In this section, emissions produced during pyrolysis, combustion of pyrolysis gas and quenching
are presented. In addition, problems related to ash are described.
1.3.1 Formation of Nitrogen Oxides
In 1992, Sweden implemented emission charges and refunds regarding NOX , however, these
concern stationary combustion engines, boilers and gas turbines producing a minimum of 25
GWh/year. [65] According to Swedish Energy Agency [66], a regulation called ecodesign regarding solid fuel boilers with effect up to 500 kW will be applied 1 January 2020. The regulation
includes, apart from seasonal space heating energy efficiency, limiting values for CO, particulate
matter, gaseous organic substances and NOX .
According to Gokulakrishnan and Klassen [67], NOX comprises the pollutants NO and NO2 . The
release of NOX into the environment can lead to acid rain, photochemical smog, ozone layer depletion, tropospheric ozone and contribute to the global warming. The formation of NOX can occur
in different ways. The authors divide the formation of NO2 into five categories, including fuelbound N, thermal NO, prompt NO, the NNH route and the N2 O route. The latter four regard the
formation of NO from N2 in the combustion air. These reaction paths involve different types of N
compounds when forming NOX . Even though NOX might not be formed in the pyrolysis process
from bound fuel-N, precursors of NOX can be formed during pyrolysis and thereafter produce NOX
when combusted. HCN and NH3 are the main precursors and their main reaction path to form NO
from fuel-bound N is studied in Appendix B. NO might be formed from HCN and NH3 via other
secondary reaction paths, where nitrogenous compounds such as HNC and NHO are intermediate
products.
Kohl et al. [68] discusses the formation of NOX during combustion. The formation of NOX from
fuel-bound N depends on several factors; the amount of N in the fuel, the ratio between fixed carbon
and volatile matter in the fuel, the amount of excess air in the flame zone and the ratio between
primary and secondary air. To be noted, significant production of thermal NOX , formed when O2
reacts with N2 in the combustion air, necessitates high temperatures, above 1100 °C. [68–70]
1.3.2 Formation of Chlorinated Compounds
All feedstocks investigated in this project contain Cl and the content is higher compared to garden
waste. Horse manure contains the largest amount followed by straw, sewage sludge and peat, see
Appendix A. Results on the behaviour of Cl during pyrolysis of various biomasses, show that a
large part of the Cl is released, both in the condensable and non-condensable gas. Studies report
that 40-60 % of the original Cl content is released at pyrolysis temperatures from 200 °C to about
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500 °C. [71–74] Cl released within this temperature range is believed to be in the form of HCl.
However, one study shows that Cl is mainly released in the form of CH3 Cl during low temperature
pyrolysis and torrefaction of herbaceous and woody biomass. [75] An author explains the production of CH3 Cl as a result of the reaction between HCl and CH3 OH over activated charcoal. [76]
It has also been proposed that biomass with lower amounts of Cl and K content release a higher
fraction of Cl. [75]
Johansen et al. [74] conducted pyrolysis and thermodynamic equilibrium calculations and the results showed that the release of Cl and K is closely related when biomass is thermally treated and
it is believed that Cl facilitates the release of K. At low temperatures, Cl is believed to be released
in form of HCl when KCl reacts with carboxylic groups. The main release of K from biomass is
related to the sublimation of KCl at temperatures higher than 700 °C. At temperatures below 700
°C, the release of K was around 5-10 wt.%. This release is explained to be due to decomposition
of organic structure. [77] These results are in line with the results by Jensen et al. [73] showing
that above 700 °C only the residual Cl is released and K is mainly released at temperatures above
700 °C.
1.3.3 Formation of Sulphuric Compounds
S can in specific forms be an environmental problem. For example, SO2 is a non-flammable
and colourless gas, commonly a by-product when burning coal. The gas has a strong odour and
when oxidized it forms H2 SO4 . [78] H2 SO4 has corrosive properties which can be harmful for
humans and wildlife and can cause acidic rain. [79] Carbonyl sulfide, COS, another S containing
compound, is a very flammable gas. COS can form explosive mixtures in the presence of air
or oxidizing agents. COS is also toxic if inhaled in larger dosage. [80] Additionally, reduced S
compounds may cause putrid odours, even in small concentrations. H2 S is a flammable, colorless,
extremely hazardous gas with higher density than air and a distinctive smell. Health effects depend
on concentration and time of exposure, high concentrations can even result in death. [81]
Hu et al. [82] investigated the gaseous release of S, in addition to N and C, of wood, bamboo and
coal during pyrolysed. It was shown that SO2 and H2 S were released at different temperatures.
The maximum release of H2 S occurred at 320-350 °C, depending on the feedstock, while for SO2
it occurred at 300-330 °C. Moreover, Saleh et al. [75] also studied the release of S when biomass
was slowly pyrolysed. The amount of S varied depending on the feedstock. For the herbaceous
biomasses the release of S had reached 50 % at 350 °C and for the woody biomasses 40-70 %
at 350 °C. The authors did not observe a correlation of released S and the amount of S in the
feedstock.
These studies act as a benchmark for the understanding of S in the gaseous stream when pyrolysing
18

the four feedstocks. They indicate that a larger part of the S is released to the gas stream at
temperatures around 350 °C.
1.3.4 Formation of Dioxins
Dioxin is a collective name of polyhalogenated aromatic hydrocarbons, including polychlorinated
dibenzo-p-dioxins (PCDD), dibenzofurans (PCDF) and biphenyls, (PCB). To be noted, some studies only claim dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) to be dioxins, while others
include all three groups. Dioxins are stable, nonpolar, lipophilic and water insoluble. Not all dioxins are toxic, only seven out of the 75 PCDD, ten out of the 135 PCDF and 12 of the 209 PCB are
toxic. [83] The problem with dioxins is partly due to their stability and ability to be absorbed in
fat tissue. Additionally, the half-life time is assessed to 7-11 years when present in the body. [84]
Sweden has forbidden products containing PCB since 1995 but due to their persistence, they still
exist in the environment. High amounts of PCB can affect the human health, e.g. the development
of the brain and nervous system. [85] Even though the usage of PCB is forbidden, the formation
of pyrolytic PCB might occur. The formation of PCDD, PCDF and other PCBs from pyrolysis
of chlorinated aromatic hydrocarbons is strongly related. Moreover, if there is an oxidative pyrolysis and a solid supporter is present, the formation of these three compounds is believed to
increase. [86] In general, industrial processes where Cl is present can form dioxins. [84]
PCDD and PCDF, referred as PCDD/F, are often formed in combustion processes of organic matter
if Cl and metals are present. [87] In a review by Garcia-Perez and Metcalf [87], it is discussed that
there are numerous studies on PCDD/F formation in thermo-chemical reactions, such as gasification and combustion, however, the number of studies covering the formation of PCDD/F during
biomass pyrolysis is limited. Therefore, in this project the formation mechanisms of dioxins in
general are investigated.
The formation of dioxin in incinerators depends on the operating parameters, the furnace and the
air pollution control system. [88] Low emissions of PCDD/F is achieved by fast cooling of the
combustion products as well as high temperatures and long residence time in the furnace to ensure
complete combustion. If new technologies are used for incineration, the emissions of dioxins can
be controlled and kept below the threshold regardless if the Cl content in the feedstock is low (<1
%) or high (>80 %). Additionally, it is believed that the kinetic reactions producing dioxins do not
reach completion. This implies that even though the compounds required to form dioxins, Cl as
well as C, O, H, are abundant, far from all material reacts to form dioxins. [88]
There are two main formation mechanisms of dioxins during incineration of waste, namely pyrosynthesis, also called precursor mechanism, and de novo synthesis. [89] According to Everaert
and Baeyens [89], these paths occur independently and/or simultaneously. Pyrosynthesis occurs
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mainly at temperatures between 300-600 °C and it is a result of the polycondensation of precursors. The produced compounds PCDF/PCDD have a ratio of <<1. Garcia-Perez and Metcalf [87],
suggest that the difficulty of finding reports with data on dioxins detected in condensable gases and
char might be due to that the formation of precursors occurs at higher temperatures, around 750
°C.
Everaert and Bayens [89] explain that de novo synthesis mainly occurs at temperatures between
200-400 °C and in this reaction path, solid C and O2 are essential for the formation of dioxin and
the PCDF/PCDD ratio is >1. By reviewing previous experimental data, it is suggested that de
novo synthesis mechanism is dominant in post-combustion processes, since the conditions are not
beneficial for pyrosynthesis. According to Garcia-Perez and Metcalf [87], an absence of dioxins,
formed through de novo synthesis, in the pyrolytic condensable gas might be due to the low concentration of Cl in biomass as well as the anaerobic conditions. However, as mentioned in a report
by Environment Australia [88], the effect of Cl content in the original feedstock on the production
of dioxin is not straightforward as some studies claim it has an effect while other studies claim it
does not. Information regarding pyrosynthesis and de novo synthesis can be found in Appendix
C.
1.3.4.1 Dioxin Production in Pyrolysis
As discussed by Garcia-Perez and Metcalf [87], pyrolysis is often performed under 750 °C and
without the presence of O2 , therefore, the dioxin formation should be limited. However, it cannot be excluded that precursors already exist in the feedstock or are produced in the pyrolysis,
therefore, it is of importance to design downstream processes according to regulations to reduce
the dioxin formation. Additionally, there are some studies on pyrolysis of different feedstocks.
Pyrolysis of the polymers polyurethane/styrofoam from eletrical home appliances showed that a
pyrolysis temperature of 500 °C resulted in the highest amount of dioxin, 947.0 ng-TEQ/Sm3 , in
the pyrolysis gas.2 [90] The elemental analysis of the feedstock showed an original Cl content of
0.28 wt.%. This was suggested to be due to breakdown of precursors and the decrease of inactive C particles with decreasing temperature. Gao [91] investigated the formation of dioxins in
microwave pyrolysis (fast) and torrefaction (pyrolysis at temperature <340 °C) of biomass and
found PCDD/F to be present in the pyrolysis products. The phase containing the highest amount
of PCDD/F was the oil phase for microwave pyrolysis and the char phase for torrefaction. Even
though this study was not conducted on slow pyrolysis of biomass, these results indicate that the
formation of PCDD/F is possible. The author explains the difference in results might be due to
variations in operating parameters, for instance residence time, heating rate and pressure. The au2 TEQ

is toxic equivalency of dioxins, furans and PCB, which is a measurement of the toxicity of a mixture. To
calculate TEQ, toxic equivalency factor (TEF) is used.
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thor claims that the Cl and catalytically active metal content of a feedstock is important, however,
the formation of dioxins is related to interactions between operating parameters of the process and
feedstock. Additionally, the author claims that the possibility to predict the formation of dioxin
based on the content of the feedstock is limited.
1.3.5 Polycyclic Aromatic Hydrocarbons
PAH is a group of carcinogenic chemicals. The group consists of hundreds of chemicals and PAHs
are formed when carbon or hydrocarbons are not fully combusted, i.e. the lack of O2 obstacles
the conversion to CO2 . As the name reveals, PAH consists of two or more aromatic rings and the
molecules are flat. Moreover, the molecules are stable, fat soluble and sometimes bioaccumulative,
and might affect the DNA. Normally, PAH are formed as a by-product in the industry and it is often
found in different types of char and oil products. [92] Since the process studied in this report is a
thermal treatment in the absence of O2 , it is important to investigate the possible formation of PAH
when different raw materials are used.
1.3.6 Polyfluoroalkylated Substances
Polyfluoroalkylated substances (PFAS) are highly fluorinated substances found in numerous of
products due to their beneficial properties. PFAS are water and grease repellent as well as temperature resistant. The downside is that these substances are persistent and many are bioaccumulative
and even toxic. Swedish Chemicals Agency [93] completed a survey which showed that it globally
exists over 3 000 types of PFAS. These substances are found in nature and in humans and unfortunately, the knowledge of their effect on the environment and human health is limited. However,
it is suspected that long term exposure has negative health effects. PFAS can be found in drinking
water.
1.3.7 Ash-related Problems
Arvelakis and Koukios [94] outlay possible problems with ash when using agricultural residues
and energy crops. These feedstocks may contain high amounts of Cl, P, S and alkali metals which
during thermochemical conversion at high temperature (>800 °C) can contribute to process problems. For instance, corrosion could jeopardise the safety and efficiency of the process. Formation
of oxides, due to reactions with S, O, alkali metals and chlorides, can result in mechanical failure.
This is especially a problem if the deposition of ash occurs quickly. Deposition, which can be
divided into fouling and slagging, is another problem. Fouling is defined as deposits of ash on
convection heat surfaces while slagging is deposits of molten ash on surfaces exposed to radiation
heat or reactor walls. Slagging can occur at temperatures around 800 °C if the feedstock is energy
crops or agricultural residues. Fouling occurs if the temperature of the flue gas exiting the furnace
is above 750 °C and Cl is known to facilitate fouling. Arvelakis and Koukios [95] discuss the prob21

lem of a high concentration of alkaline metals in the ash since it can cause corrosion and deposition
in the process equipment. Formation of alkali silicates and sulfates, especially facilitated by Cl,
can occur and these compounds are responsible for corrosion and deposition. One solution according to the authors is to pretreat the feedstock in order to remove the compounds causing corrosion,
for example through water-leaching and fractionation. Leaching with water can remove Cl, S, P
and water-soluble alkali metals. [94] Hussein [96] suggests stable hardware, resistant to corrosion,
when pyrolysing feedstocks containing high amounts of ash with low melting point.
Peat contains small amounts of radioactive compounds. Neither of the major biochar certificates,
see section 1.4.2, mention the effect of producing a biochar containing radioactive compounds such
as U and Cs which might be due to the fact that peat is not classified as a valid feedstock and that
the other approved biomasses do not contain compounds as such. Because of this, other regulations
and limit values have to be looked upon. For instance, peat with a higher concentration than 200
ppm U in the ash should not be used as an energy-source. [97] Since peat contains radioactive
compounds, the ash produced when pyrolysed and combusted can in turn contain traces of these
compounds. According to Swedish Radiation Safety Authority [14] there are regulations regarding
handling of contaminated ash. If the ash is contaminated in a large extent, it should be classified
and deposited. Moreover, at a combustion plant, the ash must be checked once a year in order
to evaluate the amount of radioactive compounds. If the content of the feedstock changes, new
analysis must be conducted.
1.3.8 Quenching of Biochar
Quenching is the process of rapid cooling of a material. Limited studies exist on quenching of
biochar, therefore, information on quenching of coke is presented. Coke, a solid carbonaceous
fuel, is produced through pyrolysis and it is quenched to reduce the temperature and to prevent it
from burning when it is exposed to air. [98] Two techniques may be used to cool coke: wet and
dry quenching. For wet quenching, water is used as a cooling medium, while for dry quenching
inert gas is used. [99] According to Linsky et al. [99], there are several problems associated with
wet quenching, such as air and water pollution, waste of energy and decrease of coke quality and
amount.
Emissions from quenching of coke are organic compounds, acidic gases and particulates. [98]
According to Gallegly, in the report by Linsky et al. [99], the steam produced from wet quenching
can contain several emissions such as H2 S, SO2 , phenols, ammonia, and cyanide compounds.
In a patent on an apparatus used for wet quenching of coke, the produced gases resulting from
quenching are e.g. H2 , H2 S, CO, CO2 , NOX . [100] Other emissions from wet quenching of coke
are PAH and benzopyrene. [101] Wet quenching results in the release of contaminated water and
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corrosive substances. [99] If the process is optimised, the excess water can be reused and often no
wastewater is produced from wet quenching. [102]
The information presented regards wet quenching of coke, therefore, it is not ensured that quenching of the produced biochar produces the same emissions. Regardless of this, it is of importance
to not neglect the possibility of producing the aforementioned emissions and other harmful compounds.
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1.4

Biochar

Lehmann and Joseph [103] define biochar as a C-rich material produced when biomass of different
kinds is treated thermochemically. What differentiates biochar from charcoal is its use; biochar is
intended to be used for soil amendment, for cleaning leach water and for carbon storage. Today,
the classification of biochar is not straightforward or agreed upon due to its novelty, however, the
end use and the production process is often used for the definition of the biochar.
Proximate analysis is performed to determine the moisture, volatile matter, the fixed carbon and
the ash content of a material. For biochar it is of interest to perform a proximate analysis to
determine these values due to their various characteristics which depend on several parameters.
Volatile matter is considered to be the component which can be removed from the biochar by
microorganisms. [104] The fixed carbon, is therefore the component considered to be recalcitrant
and more stable in the biochar.
1.4.1 Properties of Biochar
There are certain properties of biochar that are of importance and affecting its usage. These properties can be related to pyrolysis parameters such as temperature. A general conclusion is described
below, some properties show a clear tendency while other vary more.
According to a comprehensive review by Weber and Quicker [105], one of the main aims of carbonisation is to increase the C content in the biochar compared to the feedstock. Higher pyrolysis
temperatures result in a higher C concentration. The heating value increases with an increasing
C content and is shown to depend on the residence time. A longer residence time, in addition to
a higher pyrolysis temperature, results in a higher heating value. Fixed carbon, the C left in the
biochar after volatile matter has been released, increases with pyrolysis temperature. In turn the
concentration of volatile matter, in addition to water, decreases. Labile carbon is defined as the
carbon, which microbes in soil can access. [2]
When the feedstock is pyrolysed, usually a reduction in both H and O takes place. This is due
to a release of compounds containing these components, where O is released twice as fast as H
until hard coal is reached. Carbonising further results in anthracite. H is released more rapidly
going from hard coal to anthracite while O is nearly constant. In turn, the degree of carbonisation
can be expressed as a ratio between H/C and O/C. The origin and age/maturity of hydrocarbon
materials can be visualised by using a Van Krevelen diagram. [2] Additionally, a low H/C ratio
indicates a more aromatic structure of the biochar. [106] Weber and Quicker [105] continuous to
discuss the aromatic content of a biochar, which is claimed to depend on feedstock and process
conditions. The behaviour of N is not as certain, woody materials tend to concentrate N in the
biochar. However, e.g. pyrolysis of sewage sludge has shown a decrease in N. To be noted, data
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regarding the behaviour of H, C and O from straw pyrolysis tend to scatter more than for woody
materials.
According to a review by Spokas [107], the stability of the produced biochar determines the degree
of C sequestration and depends on the properties explained above. Because of this, the stability
varies between different biochars, which complicates the development of a general model for the
stability. Nonetheless, it is suggested that there is a relationship between the stability and the O/C
ratio. A lower O/C ratio is shown to result in a higher stability. The review reports a biochar
with an O/C ratio <0.2 to have a half-life time of at least 1000 years. If the O/C ratio is between
0.2 and 0.6, the half-life time is between 100-1000 years; above 0.6 the half-life time is <100.
Zimmerman [108] suggest that the stability can be determined through the content of volatile
matter. The H/Corg ratio is another intrinsic measurement of the stability. [109] However, Enders
et al. [110] recommend a combination of all three measurements in order to determine the stability,
where an O/C and a H/C ratio below 0.2 and 0.4 respectively in addition to volatile matter below 80
% is considered to be stable. This in turn implies the stability to depend on pyrolysis temperature,
in addition to residence time.
The specific surface area of the biochar increases with increasing pyrolysis temperature, and depends on the type of feedstock. Nonetheless, at high pyrolysis temperatures, 1000 °C, the specific
surface area might decrease, reaching a maximum at around 700 °C. The heating rate affects the
degradation of the specific surface area above 700 °C, where a lower heating rate results in a
lower specific surface area. [111] The reactivity of the biochar, the Boudouard reaction, has been
discussed by Weber and Quicker [105] and is said to increase with pyrolysis temperature. Conversely, the reactivity depends on several things such as specific surface area, degree of pores and
heating rate.
The pyrolysis temperature also affects the bulk density of the biochar. A higher pyrolysis temperature results in a lower bulk density, which is a consequence of an increased porosity. [105] There
are studies showing an increase in shrinking of biochar for high pyrolysis temperatures, 600-700
°C. [112] This shrinking can in turn affect the porosity. In general, the bulk density of the feedstock determines the bulk density of the biochar - a higher bulk density of the feedstock results in a
higher biochar bulk density. [113] The mechanical strength of the biochar can be related to the bulk
density. A low mechanical strength is partly a result of a low bulk density. Additionally, cracks
in the biochar structure, caused by e.g. release of volatile matter and water, lower the mechanical
strength. [105]
Cation exchange capacity (CEC) of a material is its capacity to adsorb cations which is of interest
as nutrients in the soil can be in the form of cations. Soils with high CEC values can prevent
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nutrients, such as K+ and NH+ 4 [114], from leaching, which can contribute to minimisation of
water contamination and enhance nutrient recycling. [3] The correlation between the concentration
of K+ , Na+ , Mg2+ , and P in the feedstock and the CEC of the produced biochar has been discussed
by researchers. It has been hypothesised that the presence of these nutrients is correlated to a
higher CEC, due to the formation of O-containing groups on the surface of the biochar. [115, 116],
which is also suggested by others. [117] However, there is a study that did not receive the same
results. [116] To be noted, analysing CEC can be critical since it depends on the pH value of the
solution. [118] Weber and Quicker [105] conclude the highest CEC is found in biochars produced
at lower pyrolysis temperatures, where the negative charges are still present and the specific surface
area is larger than for the feedstock.
Weber and Quicker [105] also discuss the hydrophobicity of the biochar and according to them,
the ability to hold water is affected by the porous structure and the functional groups at the surface.
There are contradictive results regarding the temperature dependence of hydrophobicity. According to Chun et al. [119] the hydrophobicity increases with pyrolysis temperature. While Kinney et
al. [120] received results showing a decreased hydrophobicity when the pyrolysis temperature was
increased.
Enders et al. [110] conducted a study where different feedstocks, including bull manure, poultry
manure, pine wood etc. were pyrolysed. In this study, the affect of ash content in the feedstock
on the amount of fixed carbon in the produced biochar was investigated. By comparing their own
results with previous studies, it was concluded that if the ash content of a feedstock is lower than
20 %, increasing the temperature results in an increase of fixed carbon. However, if the ash content
is higher than 20 %, it results in a decrease of fixed carbon with increased temperature.
Additionally, in the same study, the effect of the biochar’s ash content on its pH value was investigated. It was proven that there is a correlation between the pH of the biochar and the ash content
as well as the sum of K, Na, Ca, and Mg. pH is a function of both ash content and temperature.
In Figure 2, the relation between pH and ash content of the produced biochar is depicted. [110]
Biochars from the same feedstock pyrolysed at 300 and 600 °C are connected with an arrow. For
low-ash biochars produced from woody biomasses, the pH of the biochar increases with increasing
pyrolysis temperature, even though the increase in ash content is not significant. This behaviour
is explained as a consequence of the decrease of acid functional groups in the biochar as the temperature increases. However, for the high-ash biochars, produced from waste, the increase of pH
is a result both from an increase in ash and temperature. Furthermore, the pH value of the biochar
tends to become higher with an increased pyrolysis temperature. [105].
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Figure 2: The relation between ash content and pH of biochar produced from various feedstocks. The dashed line represents the 20 %
limit of ash content.

1.4.2 Biochar Certificates
With a growing interest of biochar, different regulatory bodies have risen concerning the production
and usage of biochar. According to Komang Ralebitso-Senior and Orr [121], these organisations
are spread over the world including Australia, Brazil, Canada, Europe, China, South Africa, United
States of America, United Kingdom and New Zealand. The authors summarise the current situation
regarding guidelines and requirements for the production and the usage of biochar. Apart from
European Biochar Certificate (EBC) by European Biochar Foundation, there are other certificates
and directives such as the International Biochar Standards by International Biochar Initiative (IBI)
and Biochar Quality Mandate by the British Biochar Foundation. Except for the Interim Regulatory
Position Statement on Biochar by the Scottish Environmental Protection Agency, the guidelines
are not considered to be firm. Generally, the guidelines regard e.g. feedstock, production, storage,
handling and characterisation in addition to needed research etc.
Hagemann et al. [122] suggest characterisation of biochar according to IBI or EBC, which enables
global comparison. IBI and EBC have been in collaboration since 2012, however, there are some
differences between the guidelines. [123] For instance, certain parameters are required for IBI and
not for EBC, or vice versa, and the limiting values for some parameters vary. [124]
The European Biochar Foundation’s intention is to provide guidelines for the sustainable production of biochar. Their certificate, EBC, is based on the latest research and the aim is to provide a
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guarantee of quality for the costumers as well as to allow producers to ensure the quality of their
product. The criteria apply to the feedstock, the product itself as well as the production process.
Furthermore, there are criteria covering sale, application and analysis sampling. The criteria for the
feedstock, product and process are all listed below, these are received from the same report [125]
unless something else is stated. The certificate has two levels, basic and premium.
1.4.2.1 Feedstock Requirements
The first requirement of the feedstock is its origin – only specified organic waste may be used [126].
The list includes waste from agriculture and forestry, gardens, food production and textiles. Local
wastes, including biodegradable waste, as well as animal by-products, such as manure, are approved feedstocks. However, peat is not included as an approved feedstock. The feedstock must
not contain contaminants such as non-organic waste, e.g. electronic scrap, rubber and plastic, or
other organic compounds. If primary agricultural products are used, a guarantee of sustainable
growth is necessary. The feedstock must also be collected within an 80 km radius from the plant,
however, exceptions are made if the use of the feedstock is for production tests or if it is temporary.
1.4.2.2 Product Requirements
The requirements for the produced biochar are listed below.
1. C content.
The C content in the biochar must be above 50 wt.% (dry basis). If the C content of the
char is less, it is classified as Pyrogenic Carbonaceous Material (PCM), which is a different
product category. For instance, sewage sludge and animal manure are mineral-rich feedstocks resulting in a pyrolysed product with high ash content and a C content <50 wt.%.
Therefore, the char produced from these feedstocks is classified as PCM. If the pyrolysed
char fulfills the remaining criteria it receives a EBC certificate as a PCM.
2. Molar ratio of H/Corg .
This molar ratio is one of the most important properties of the biochar and it indicates the
level of carbonisation. The molar ratio must be less than 0.7.
3. Molar ratio of O/Corg .
This molar ratio is used to differentiate biochar from other types of carbonised products as
well as for its characterisation. The molar ratio must be less than 0.4.
4. Volatile organic compounds (VOC) and nutrients.
Gas are produced during pyrolysis and it will partly condensate on the biochar. Therefore,
the quantity of VOCs must be presented. Furthermore, the biochar might contain nutrients
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such as P, N, Mg, K and Ca and these must be presented.
5. Heavy metals.
The thresholds of the various heavy metals are listed and presented in Table 1. The thresholds
for heavy metals may not be exceeded.
Table 1: Threshold values for heavy metals according to EBC based
on the total mass of biochar (db).
Heavy metals
As
Cd
Cr
Cu
Hg
Ni
Pb
Zn

Basic (g/t DM)
<13
<1.5
<90
<100
<1
<50
<150
<400

Premium (g/t DM)
<13
<1
<80
<100
<1
<30
<120
<400

6. pH, specific surface area, bulk density, water and ash content.
These values must be specified. The pH of the biochar is an important property because it
may influence its use. The specific surface area of the biochar should preferably be above
150 m2 /g (dry basis).
7. PAH content.
This content must be less than 12 mg/kg (dry basis) and 4 mg/kg (dry basis) for basic grade
and premium grade biochar respectively.
8. Dioxin, furan and PCB content.
The content of PCB in biochar must be under 0.2 mg/kg (dry basis), and under 20 ng/kg
for dioxin and furan. The amount of dioxin in the product depends on the type of feedstock
and its Cl content. All of the approved feedstocks have low Cl content, therefore, the levels
of the produced dioxin do not exceed the threshold. The content of the produced dioxin is
lower than the threshold by several orders of magnitude.
9. Lastly, the fluctuation of the composition of the pyrolysed biomass must not exceed 15 %.

EBC has specified limits for heavy metals in biochar and these are shown in Table 1. It is stated
that the biochar from pyrolysis concentrates and immobilises heavy metals leading to a lower
toxic accumulation. The maximum value of heavy metals is consequently allowed to be exceeded.
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However, these values must still follow any other existing legislation. Additionally, if the reactor is
made out of Cr-Ni steel, the amount of Ni might increase in the biochar. If so, the biochar cannot
be used for composting purposes.
1.4.2.3 Process Requirements
The requirements for the pyrolysis process are listed below.
1. The pyrolysis must be energy-autonomous.
Energy-autonomy implies that when operating the reactor, the use of external energy may
not exceed 8 % and 4 % for the basic and premium grade respectively. These percentages
are calculated based on the calorific value of the feedstock. Furthermore, fossil fuels may
only be used for preheating.
2. The pyrolysis gas must be treated.
The pyrolysis gas must be either burned or trapped after production. The release of pyrolysis
gas into the atmosphere without a treatment is not permitted.
3. Recycling of heat produced by the reactor is required.
After the reactor, a significant part of the energy contained in the feedstock, about 35-60 %,
is found in the pyrolysis gas. Therefore, there is a requirement that at least 70 % of this
energy is reused in the process; e.g. for preheating, drying, electricity generation, district
heating or other purposes. The gas may also be stored for future use.
4. The fluctuation of the pyrolysis temperature (°C) must not exceed 20 %.
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1.5

Methods Applied for the Analysis of Feedstock and Biochar

In this section the different analysis methods commonly used when analysing the feedstocks and
the produced biochar are presented.
1.5.1 Thermogravimetric Analysis
TGA is a thermal analysis method, which is used to investigate changes in a sample when applying
thermal energy. The sample is weighted as thermal energy is applied, creating a curve of mass as a
function of thermal energy and/or time. The technique is of value when studying the composition
of a sample, the stability, volatile components, polymerisation kinetics and aging. Additionally,
TGA can be used with other analysis techniques to gain more valuable data. [127]
There are various TGA instruments with different design. These can be divided into three different
types: horizontal, vertically down and vertically up or top pan arrangement. Commonly, the temperature can reach 1000 °C, there are instruments with the ability to reach 1500 °C or to be cooled
below ambient temperatures. The rate of temperature is usually 10 °C/min. [128] Generally, the
analyser consists of a holder attached to a balance. The atmosphere around the sample is either:
inert, reducing or oxidizing depending on the purge gas flowing through. For inert atmosphere,
Ar or N2 can be used, for reducing atmosphere forming gas can be used and for oxidizing atmosphere, O2 or air. The purge gas can either be saturated or dry. When thermal energy is applied, the
mass of the sample can be reduced or increased. However, it is more common with reduction of
mass than an increase. [129] The reduction, or gain, may depend on several things, such as volatile
components leaving the sample or reactions taking place with the surrounding atmosphere. These
changes are depicted in the thermogram as steps. [130]
When performing TGA, a couple of things require consideration. The force from the atmosphere
on the sample is called buoyancy. The density of the atmosphere decreases when thermal energy
is applied which leads to a change in the buoyancy and in an increase of mass. Additionally, the
balance might expand when exposed to heat. If the balance expands unevenly, the measured mass
might be erroneous. The sample must also not interact with the equipment. [129] Other possible
artefacts are gas flow fluctuations, abrupt mass loss or mass gain. [130]
1.5.1.1 Preparing the Samples for TGA
When performing a TGA, the preparation of the sample is of importance. The sample shall represent the material of interest, the sample should be preserved and not contaminated during the
preparation and the mass should be weighted with the wanted precision of the result. The heat and
diffusion transfer rate within the samples is affected by the weight; due to this it is important to use
the same mass for all samples so it becomes reproducible and comparable. [130] The sample can
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either be solid or liquid. [131]
1.5.1.2 Performing TGA
Before TGA is performed, some parameters must be decided and considered. The parameters are:
wanted atmosphere, heating rate and range, preparation and mass of sample, gas flow, crucible and
possible changes of the sample during the analysis. If the sample is inhomogeneous, it is favourable
to use a large mass. [130] Small samples with a slow heating/cooling rate and a purge gas with high
thermally conductivity is said to create a high-resolution thermograms. [131] Moreover, before
performing a TGA, the instrument might need calibration. This calibration often includes weight
and temperature measurements as well as temperature control. [128]
To be noted, as stated above the temperature rate is usually constant and at 10 °C/min, however,
there are other approaches. Sample controlled TGA is a non-linear program, which allows for the
separation of overlapping reactions and benefits a better resolution. Sample controlled TGA can be
adapted and the rate can be automatically controlled. After the analysis, the thermogram received
must be interpreted. Additionally, it may be favourable to inspect the sample visually, the colour,
ash, soot, glassy and so on. [130]
1.5.2 Surface Area Measurement
Brunauer-Emmett-Teller (BET) theory is used to determine the surface area of a solid sample. The
theory makes use of the fact that gaseous molecules can adsorb on the surface of a solid material.
The adsorption can either be chemical, i.e. electron transfer, or physical where van der Waals
forces act. The amount of adsorbent depends on varying parameters such as temperature, type of
solid, type of gas and pressure. [132] This analysis method is often used to determine the specific
surface area of biochar. The surface area is reported to depend on the used feedstock. [133]
According to Jura [134], the BET theory is used to determine the amount of adsorbed gas on
the surface of the sample as a function of the pressure. The theory behind BET is derived from
the Langmuir adsorption equation and it relies on that only van der Waals forces takes place. To
perform a BET analysis, the solid material must be exposed to a gas. A monolayer is formed when
the solid adsorbs the gas and from this, the amount of gas required and in turn, the surface area is
determined. However, some assumptions are necessary for the theory to be valid. It is assumed
that an endless number of layers can be adsorbed, the molecules adsorbed on the surface do not
interact with each other and for the second and higher layer, the net energy is zero. Additionally,
the choice of temperature and gas has to be made. The gas must be inert and not react with or
affect the solid; N2 at 77.3 K is commonly used. The vapour pressure is controlled through the
temperature; because of this it is important to choose the right temperature. The temperature is
usually set to near boiling point or melting point of the pure compound.
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1.5.2.1 Preparation of the BET Sample
Before the BET analysis is performed, the sample preparation is necessary. To receive a valid
result, all gas molecules that have possibly been adsorbed to the surface of the sample, either by
chemical or physical adsorption, have to be removed. This is achieved with vacuum or an inert
gas; sometimes an increase in temperature results in a faster so-called outgassing. The structure
and the characteristics of the material should not get affected by the outgassing. [135]
Sigmund et al. [136] studied the outgassing temperature for biochar. Four different biochars were
studied, with different production temperatures and feedstocks. The study showed that the outgassing temperature affects the surface area of the sample. Surface area tended to increase with an
increasing outgassing temperature. Furthermore, the changes are believed to be because of change
in the properties of the material, primarily due to volatile components. The outgassing temperature
must therefore be chosen carefully in order for the results to be comparable. Bachmann et al. [137]
has investigated biochar analysis and recommend to have an outgassing temperature between 100
- 200 °C. Additionally, it is recommended to use N2 as the gas when performing BET analysis on
biochar. [109]
1.5.3 Scanning Electron Microscope
Scanning electron microscope (SEM) is described in a book by Skoog and Lary. [138] SEM is a
microscope used to obtain information about the topography and morphology of the surface of a
sample. The principle of an electron microscope is that it swipes over the sample’s surface with
a fine beam of electrons. The atoms on the surface of the sample interact with the electrons –
resulting in images. The surfaces are analysed in a submicrometric scale.
It is preferable that the analysed sample conducts electricity for two reasons. Firstly, because it
minimises artefacts due to charge accumulation. Secondly, materials that conduct electricity are
commonly good heat conductors as well, which is beneficial because it minimises the probability
of thermal degradation of the sample. If a sample has a low electrical conductivity, it is common
to use a metallic coating to cover the surface.
1.5.4 X-Ray Diffraction
X-Ray diffraction (XRD) is an analysis method used to determine the crystal structure of a material.
By applying a beam of X-ray onto the sample, one could detect any crystalline structure as it
reflects the beam. The beam of X-ray is created through a source, either a synchrotron radiation,
sealed tubes or rotating anode. The two latter produce the beam by heating a filament of tungsten
in vacuum, allowing for the generation of electrons. The electrons pass a field with high potential
and reach a target, which in turn radiates X-ray. A monochromator or a filter is applied in order to
select the X-ray with the highest intensity. When the X-ray reaches the sample, potential crystalline
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structure will scatter the beam differently. This scatter will in turn create a characteristic diffraction,
used for the determination crystal structure of the material. [139]
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2

Pyrolysis of the Raw Materials of Interest

In this section previous studies on pyrolysis of the four feedstocks are presented. The number
of studies varies between the feedstocks and for some feedstocks the information is limited. The
presented studies have applied different parameters. To allow for comparison, these parameters are
stated within brackets, namely pyrolysis temperature, heating rate and residence time at the final
temperature.

2.1

Pyrolysis of Peat

The information regarding pyrolysis of peat is presented below. There is only a limited number of
studies in which peat is used as a feedstock for pyrolysis.
2.1.1 Pretreatment and Handling
According to Strömberg and Herstad Svärd [12] there are several things requiring consideration
when handling peat. If peat is stored outside, the moisture content can increase which leads to a
change in structure - it becomes more like soil. During winter, the peat can freeze which might
complicate the handling and the transportation. Peat causes dust, especially if it is stored outside,
which may result in dust explosion. In order to reduce the dust problems with peat handling,
Strömberg and Herstad Svärd [12] recommend to use peat in the form of pellets or briquettes. It is
also recommended to store peat inside and to handle it carefully. Peat can self-ignite due to its large
portion of volatile matter. Additionally, self-ignition can occur due to microbiological processes
raising the temperature. Stones, woody pieces and other unwanted parts can sometimes be found
in peat, which might be problematic.
According to Borg Dunge (Personal communication, 2018-03-09)3 , peat can self-ignite during
storage due to a moisture gradient, however, this is only a significant problem when peat is stored
over a longer period of time. Furthermore, the peat might contain small pieces of plastic, originating from the storage cover.
This moisture content variation might affect the pyrolysis process since a change in moisture requires a shorter or longer drying time.
2.1.2 Effect of Temperature
Spedding [6] has provided an explanation of the thermal behaviour of peat when it is pyrolysed.
According to the author, the first thing to leave during pyrolysis is unbound and free water, when
the temperature is raised from ambient to 110 °C. Exceeding 110 °C, decomposition of waxes and
resins are initiated. Above 160 °C, the volatile products are CO, CO2 and bound water. When the
3 Fredrik

Borg Dunge, Marketing Director at Neova.
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pyrolysis temperature reaches 200-320 °C, the decomposing of cellulose, pectins and pentosans
occurs. At 280 °C, the formation of tar is said to occur and the release of H2 , CH4 , NH3 in
addition to higher hydrocarbons takes place. When the pyrolysis temperature is between 320-450
°C, the destruction of lignin and bitumen occurs. Additionally, within this temperature range the
formation of tar and gas is as largest. Lastly, when the temperature is at 700 °C, most of the
aliphatic molecules have decomposed and the volume of the peat has decreased by approximately
70 %, with a biochar yield of circa 40 %.
Yang et al. [140] studied pyrolysis of peat (24-800 °C, 5, 10, 15, 20, 30 °C/min) and found four
distinct mass loss steps. The first step was between 24-150 °C, where approximately 5 wt.% of
the total mass was released. The second step, 150-400 °C, accounted for 48 wt.% and the third,
400-550 °C for 12 wt.% of the mass loss. The fourth step was between 550-800 °C and the mass
loss was 6.6 wt.%. The second mass loss was assigned cellulose and hemicellulose decomposition
and the third mass loss was assigned lignin decomposing. A large mass loss occurred at 310 °C.
The heating rate affected the amount of mass loss slightly; a shift towards higher temperatures was
observed with an increasing heating rate.
These results are in line with a study by Sutcu [141], where peat and various blends containing peat
were pyrolysed by using TGA (25-900 °C, 10 °C/min). For peat, the highest rate of mass loss was
observed between 250-400 °C, thereafter the rate decreased. Moreover, the DTG curve showed
a maximum peak at 327 °C for pure peat. According to the author, the release of water from the
decomposition of phenolic structures, carbonyl and carboxyl groups accounts for the weight loss
between 200-350 °C.
In another study, Sutcu [44] investigated slow pyrolysis of peat (350, 450, 550 and 650 °C, 5 and 20
°C/min, 1 h). A higher pyrolysis temperature, at a heating rate of 5 °C/min, resulted in a smaller
amount of char. At 350 °C the char yield was 51.44 % and at 650 °C the yield was 36.19 %.
Consequently, the produced gas increased when increasing the temperature, from 23.66 to 34.67
%. The tar yield reached a maximum of 17.72 % when the pyrolysis temperature was 450 °C. The
main difference when the heating rate was raised was that the char yield decreased slightly. The
authors noticed an intensive decomposition between 450-550 °C, which was believed to be due to
lignin and bitumen decomposing. Moreover, the size of the peat (below 0.5 mm to above 2.0 mm)
was shown to affect the distribution of products. A larger size resulted in a higher char and gas
yield while the tar yield decreased.
Duan et al. [45] investigated peat and coal pyrolysis (337-600 °C, 2 and 20 °C/h). As previous
research has shown, increasing the pyrolysis temperature resulted in a larger amount of gaseous
products, including CO2 , H2 , H2 and C2-5 . In addition to this, lower heating rate resulted in a
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higher total gas yield compared to the higher heating rate.
The char yield when pyrolysing two types of peat, namely Carex and Sphagnum peat, was determined in the study by Leppälahti [142] (600-950 °C, 10 °C/min, 15 min). The char yield
was around 30-35 wt.% over the whole temperature interval for Carex peat. For Sphagnum peat,
the char yield decreased from approximately 55 wt.% to 35 wt.% when the temperature was increased.
2.1.3 Gas Composition
The results from Sutcu [44] showed that the non- condensable gas mainly consisted of CO, CO2 ,
H2 , CH4 , N2 and other hydrocarbons. The distribution was shown to depend on the temperature.
The most noticeable change was the amount of CO and CO2 which decreased when the temperature
increased from 350 °C to 650 °C, the amounts reached a maximum when the temperature was
450 °C. Additionally, the amount of CH4 increased with increasing temperature until 550 °C,
however at 650 °C it had decreased. The main product at 650 °C was H2 . The content of the
non-condensable gas is in line with previous studies. [140, 143] In a third study by Sutcu [143],
the author pyrolysed reed and three different kinds of peat (600 °C, 2 °C/min, 1 h). The results
showed H2 to be the main product at 600 °C, accounting for 30.4-36 vol.% depending on the peat
sample. The non-condensable gas, including N2 , accounted for 67.8-82.6 vol.%. The condensable
gas consisted of phenols, keton, alcohol, carboxylic acid, aromatic rings and aldehydes.
The study by Yang et al. [140] reported the compounds in the gas stream. It was concluded that,
except for the condensable gas, carbonyl compounds, hydroxyl compounds, saturated/unsaturated
aliphatic hydrocarbons and aromatic hydrocarbons were present in the gas stream.
Duan et al. [45] showed that the pyrolysis gas yield was higher when pyrolysing peat compared to
coal. The release of C2-5 reached a peak around 430-500 °C but decreased until the final pyrolysis
temperature was reached. The release of CH4 increased slowly until 400 °C; after 400 °C the
release increased rapidly, until 600 °C. H2 S was also detected in the pyrolysis gas. The yield
varied based on pyrolysis temperature and it peaked at 553 °C and 577 °C depending on the heating
rate.
A study by Lee et al. [144] compared the effects of inert gas on the pyrolysis products (20-700
°C, 10 °C/min). It was concluded that CO2 has an affect on the composition of the produced
gas. Above 440 °C, using CO2 as a carrier gas increased the production of CO and reduced the
formation of H2 . The amount of produced tars was reduced and the specific surface area of the
biochar increased, from 85.43 m2 /g to 93.04 m2 /g, when using CO2 .
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2.1.3.1 Nitrogenous Compounds
In the study by Leppälahti [142], the production of NH3 and HCN was investigated when peat,
bark and coal were pyrolysed. Sphagnum peat contains less amount of fuel-N compared to Carex
peat. The N present in peat is from the original plants, therefore, it is in the form of aromatic ring
structures, e.g. in chlorophyll and plant alkaloids. Parts of the N in peat can also be present in
the form of aliphatic chains, which commonly contain amino acids. The N content increases with
the degree of decomposition of peat. It was shown that depending on the final temperature, 10-20
wt.% and 30-50 wt.% of the fuel-N remained in the char produced from the Carex and Sphagnum
peat respectively. The conversion of N to NH3 was shown to depend on temperature, and it differed
between the two peats. For Carex peat, the conversion of fuel-N was about 17-24 wt.% while for
Sphagnum peat it was about 10-12 wt.%. The author suggest that the difference in conversion to
NH3 is explained by the type of original fuel-N; Carex peat is suggested to contain N in the form
of amino groups while Sphagnum peat contains N in the form of heterocyclic ring structure, which
is more stable compared to aliphatic chains. The conversion of fuel-N to HCN was 1-3 wt.% and
maximum of 2 wt.% for Carex and Sphagnum peat respectively.
Leppälahti [142] also performed fast pyrolysis (910 °C, short residence time) on the feedstock, and
the comparison of the results of slow and fast pyrolysis indicated that a higher amount of HCN and
NH3 was produced in the latter.
2.1.4 Properties of Biochar
In the study by Sutcu [44], the C content of the char increased with an increasing pyrolysis temperature. Additionally, the C content was slightly higher for the higher heating rate, 92.45 % (650
°C, 20 °C/min) and 91.04 % (650 °C, 5 °C/min) respectively. The size of the feedstock, varying
between 0.5-2.0 mm, did not show a strong correlation with the proximate and ultimate analysis,
apart from the ash content, which decreased with larger particle size. The fixed carbon varied
slightly with particle size, from 55 % to 59 % (450 °C, 20 °C/min).
In the study by Sutcu [143], variation between the three samples was observed in the results. The
yield of char produced at 600 °C from peat varied between 40.2-43.5 %. The amount of fixed
carbon in the chars varied between 52.0-73.7 %, the volatile matter ranged between 10.9-15.3 %,
the H/C ratio between 0.3-0.4, the O/C ratio between 0.1-0.3 and the amount of ash ranged between
13.6-37.1 %. This implies that different peats behave differently when pyrolysed.
The C content increases with the degree of decomposition of peat, however, the amount of O decreases. Leppälahti [142] and Fuchsman [145] claims the following; as pyrolysis aims at removing
O from the feedstock, in form of CO, CO2 and H2 O, one may expect highly decomposed peats to
result in higher yields of char.
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Lee et al. [144] reported the molar ratio of H/C and O/C of biochar to be 0.31 and 0.12 when peat
was pyrolysed using N2 as a carrier gas.
2.1.5 Metals and Nutrients
In the study by Lee et al. [144], the concentration of Fe, K, Si, Al and Na was higher in the biochar
than in the feedstock. On the contrary, the concentration of Ca and S had decreased, going from
feedstock to biochar.
2.1.6 Other Hazardous Compounds
Phenols and cresols occur naturally in peat, and the highest measured amount of these compounds
combined is 0.8 mg/kg (dry basis). [146] An investigation of the presence of perfluorooctanesulfonic acid (PFOS) in soil close to fire training facilities found a larger amount of PFOS in the peat
compared to the underlying layer. A suggested explanation is that PFOS are easier absorbed in
soils with higher humus content, such as peat. [147]
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2.2

Pyrolysis of Straw

The second feedstock investigated is straw. Since straw is produced from several types of plants,
the behaviour during thermochemical treatment might differ. Therefore, the type of straw has been
defined where possible.
2.2.1 Pretreatment and Handling
According to Strömberg and Herstad Svärd [12], straw can cause dust formation when handled.
Dust explosion is not considered a problem, however, from a working environment point of view,
dust might be problematic. The risk of fire is large for straw, even when stored. If a fire has been
instigated, it can easily spread. Mattias Gustafsson [148], who has been in contact with PYREG
and Carbon Terra, claims that it is beneficial to use pellets of straw for continuous pyrolysis.
According to Skåneströ AB (Personal communication, 2018-04-13), straw pellets lose their shape
and properties if wet, therefore, it is important to store it at a site where the risk for this is low.
As reported by Strömberg and Herstad Svärd [12], a risk when changing the fuel in a process is
that the new fuel may differ in composition. For instance, when changing the fuel from wood
chips to straw, the risk of problems with deposition increases. As a consequence, system cleaning
such as soot removal and cleaning of the combustion chamber is necessary. A high Cl content in
the ash from straw may cause corrosion problems more quickly in the downstream process and
decrease the lifespan of cooling surfaces. Cl may also form salts with alkalis, causing deposition
when evaporated.
There are several types of straw and the properties differ based on the species, the geographical
origin and weather conditions when grown. One of the important differences is the ash content.
Straw from oat and barley may contain six times more K compared to straw from wheat. However,
firing wheat straw is the most problematic due to its ashes. Straw contains reactive silicic acid
and alkalis, which increases the risk of potassium silicate formation in the ash. Straw has a low
ash melting point compared to other fuels, which might cause problems with sticky fouling. To
increase the ash meting point, straw can be co-fired with fuels with higher ash melting points.
Strömberg and Herstad Svärd [12] report that the bottom ash produced during combustion of straw
may be used in agriculture for soil improvement. However, the fly ash is classified as harmful
waste and must be disposed at a landfill due to high concentrations of Cd. The fly ash is also
very alkaline. Because of health risks associated with fly ash, precautions are necessary when
handling the ashes to prevent inhalation of dust. The use of safety masks or respiratory filters is
required.
Davidsson et al. [149] investigated the effect of fertiliser on the release of alkali during pyrolysis
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of oat and wheat straw (ambient to 1060 °C, 20 °C/min). The authors found the fertiliser to affect
the release of alkali. To reduce the alkali release, it is beneficial to use a SO4 -2 -rich rather than
Cl-rich fertiliser. Water leaching of straw before pyrolysis was shown to decrease the release of
alkali, indicating that it is a valid pretreatment.
2.2.2 3 MW Pilot Plant in Austria
A study has been performed on pyrolysis of straw at a 3 MW pilot plant in Austria. [150] At this
plant, the straw is pyrolysed in a jacked rotary kiln and the pyrolysis gas is combusted to heat the
process. The residence time in the rotary kiln is not stated in the study, therefore, it is unknown
if the pyrolysis is slow or fast. Various pyrolysis temperatures were investigated, namely between
450-600 °C. The temperature was chosen to minimise the release of Cl and alkalis and therefore,
decreasing the risk of damaging downstream processes.
Several results are presented in the report, such as temperature dependence of the mass and energy
distribution of products, composition of products and efficiency. As expected, the yield of these
three products varied with temperature. In the temperature interval of 450-600 °C, the yield of
char was around 30-35 wt.%. The yield of pyrolysis gas was 50 wt.% at 450 °C and increased to
about 60 wt.% at 550 °C. The water content of the pyrolysis gas, assumed to correspond to the noncondensable gas, was around 52 vol.% at 450 °C and decreased to 44 vol.% at 600 °C. The authors
explain the decrease in moisture to be due to steam reforming occurring at higher temperatures.
The energy yield of the non-condensable gas is claimed to increase with pyrolysis temperature
as a result of the change in composition of the products. It is stated that at lower temperatures,
the condensable gas consists of compounds with high heating value, such as polyaromatic compounds.
Another pilot plant for pyrolysis of straw exists and it is named Bioliq Pilot plant. [151] However,
this process is fast pyrolysis and the aim is to produce synthetic fuel, therefore, it is not considered
of relevance for this project.
2.2.3 Effect of Temperature
Zhang et al. [152], investigated the effect of pyrolysis temperature and heating time on produced
biochar from wheat straw and lignosulfonate, a component in paper mill waste (200, 400 and 600
°C for 1, 2 and 4 h). Pyrolysis of straw at 200 °C (1 and 4 h) resulted in a biochar yield of 84.95 and
78.24 wt.%, at 400 °C in 37.30 and 36.65 wt.% and at 600 °C in 32.48 and 30.89 wt.%. The amount
of fixed carbon as well as elementary C increased in the biochar with temperature. Furthermore,
the amount of H, O, and S decreased with increasing temperature, except for S at 600 °C for 2 h.
The N content was higher in the biochar, for all tested temperatures and pyrolysis times, than for
the feedstock. However, the amount varied and the lowest amount was observed at 600 °C for 1 h.
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A higher N content in the biochar compared to the feedstock is in line with other studies [150,153],
however not in line with [154]. Moreover, in the same study by Zhang et al. [152] it is claimed that
the heating time, i.e. increasing the time from one to four hours, did not have a significant effect
on the produced biochar.
The yield of biochar, condensable and non-condensable gas during pyrolysis of straw (400-550
°C, 10 °C/min) was investigated by Mani et al. [155]. The maximum non-condensable gas yield
was 40 % at 450 °C. The maximum condensable gas yield was 42% at 550 °C. The biochar yield
decreased as the temperature was raised from 400 to 450 °C (35 wt.% to 32 wt.%), thereafter the
biochar yield was constant up to the final temperature of 550 °C. The authors conclude primary
pyrolysis reactions to occur at 450 °C. Furthermore, different yields were achieved depending on
the type of straw, nonetheless, wheat and oat were closer in behaviour compared to flax. Flax as a
feedstock resulted in larger biochar yield with a higher amount of C.
Park et al. [156] performed slow pyrolysis of rice straw (300, 400, 500, 600 and 700 °C, 10 °C/min,
1 h). The results indicated that the biochar yield decreased noticeable between 300-500 °C, above
500 °C the yield decreased slightly. The non-condensable gas yield increased even at 700 °C while
the condensable gas decreased.
Fu et al. [157] investigated pyrolysis of three different biomasses, there among rice and cotton
straw (up to 900 °C, 10 °C/min). A TGA was conducted which showed that the mass loss can
be divided into three temperature intervals, <200 °C, 200-500 °C and >500 °C. Even though rice
and cotton straw behaved similarly, the maximum pyrolysis rate and temperature differed slightly.
The authors concluded the main decomposition of all three biomasses occurs between 200-500 °C.
During the second stage, the largest amount of gas was released.
Crombie and Masek [2] investigated the effect of temperature, residence time and carrier gas flow
rate during pyrolysis of straw and wood pellets (350 and 650 °C, 5 °C/min, 10, 20 and 40 min).
The pellets consisted of wheat and oilseed rape in a 50:50 ratio. The results indicated that the yield
of biochar decreased while the gas and liquid increased with temperature for both feedstocks. The
type of feedstock significantly affected the distribution of products, defined as char, liquid and
gas. This effect on char yield was only significant in combination with pyrolysis temperature. The
variations in yield of biochar with temperature were less for biochar produced from straw compared
to wood. Increasing the temperature resulted in an increase of the gas and liquid products, however,
the effect on the gas yield was greater. Increasing the residence time did not show a significant
effect on the product yields. The carrier gas flow rate showed a significant effect on the yields;
the run without carrier gas generated the highest amount of char when pyrolysing wood pellets.
Nonetheless, the significant influence of carrier gas flow rate on the liquid was only observed at
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350 °C and no effect was observed at 650 °C. Higher pyrolysis temperature resulted in an increase
of fixed carbon and ash, while the volatile content decreased. In this study, the carrier gas flow rate
and residence time at the pyrolysis temperature did not have a significant effect on either the total
C content nor the biochar composition determined by the proximate analysis. However, at 350 °C
a significant effect of the carrier gas was observed on the C yield. The C content in the biochar
appeared to be significantly influenced by the feedstock; the straw pellets with a higher amount
of ash had a lower amount of C in the produced biochar. The authors calculated the molar H/C
and O/C ratios and observed that the biochar produced at 650 °C all had an O/C <0.08, which is
claimed to indicate a high stability.
2.2.4 Effect of Moisture Content
The effect of moisture content of wheat straw when pyrolysed has been investigated by Ibrahim
et al. [158]. The authors conducted a study where straw pellets from wheat with varying moisture
content, 1.5, 6.2 and 15.0 wt.%, were pyrolysed (475-575 °C, 14-20 min). The results showed
that the moisture content does not affect the product yields remarkably. Nonetheless, at the lower
pyrolysis temperature, the straw with highest moisture content resulted in the largest amount of
biochar. At 475 °C the biochar yield increased from 41 to 51 wt.%, going from dry (1.5 wt.%) to
wet feedstock (15.0 wt.%). Most of the water in the condensable gas was from the water present
in the feedstock. The authors drying the straw to at least a moisture content below 10 wt.% to
minimise water present in the condensable gas. The amount of produced water during the pyrolysis
process was in average 9 wt.%. The effect of moisture content on the condensable gas was also
detected by Demirbas [159] who performed slow pyrolysis of straw with moisture content varying
from dry to 12 % (302-552 °C, 5 °C/min). A lower moisture content in the feedstock resulted in a
more viscous liquid. Moreover, Park et al. [156] conclude the moisture content to affect the heat
balance of the process, i.e. the heat required for the process.
2.2.5 Gas Composition
Mahinpey et al. [160] studied pyrolysis of wheat straw (500 °C, 10, 20, 30 and 40 psi, 12 °C/min).
The main components in the condensable gas were phenols, eugenol and methoxyphenols. The
condensable gas was also shown to consists of less acidic compounds compared to other bio-oils.
Moreover, the non-condensable gas stream contained compounds such as CO, CO2 , CH4 , C2 H4 ,
C2 H6 , C3 ’s, C4 H10 and H2 . The amount of each compound varied depending on the pressure. Fu
et al. [157] found a similar composition of the non-condensable gas. In addition, organics such
as formaldehyde, acetone, methanol and formic acid were present in the gas stream. The main
N-containing compound was in the form of HCN. The produced non-condensable gas at the pilot
plant pyrolysing straw, presented above, were CO, CO2 , CH4 and H2 . [150] Ibrahim et al. [158]
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found the molecular weight of the non-condensable gas to be between 31-35 g/mol.
2.2.6 Properties of Biochar
Cheng et al. [161] performed pyrolysis of wheat straw (250, 350, 450 and 550 °C, 20 °C/min, 1
h). The results showed an increasing pH value of the biochar when the pyrolysis temperature was
raised; at 250 °C the pH was 5.4 and at 550 °C it was 9.7. This is in line with two additional
studies. Park et al. [156], received a pH value of 10.5 at 500 °C and this value was steady for
higher temperatures. Yuan et al. [154], pyrolysed straw from canola, corn, soybean and peanut
(300, 500 and 700 °C, 20 °C/min, 4 h) and received similar results. Yuan et al. [154] concluded
inorganic carbonates to be the major contributor to the alkalinity of the biochars produced at high
temperatures. Additionally, organic anions contribute to the alkalinity, especially if the biochar is
produced at lower temperatures. The pH of the biochar from wheat straw in another study was
measured to 7.32 with a pyrolysis temperature of 500-600 °C. [153] This value is however lower
than the ones presented above, indicating that the pH value could vary depending on feedstock and
process conditions.
Cheng et al. [161] found the specific surface area to increase with temperature, from 2.7 to 10.5
m2 /g (250 vs. 550 °C). This result, i.e. specific surface area increasing with temperature, is in line
with the study conducted by Park et al. [156]. However, with a pyrolysis temperature of 700 °C the
specific area of the biochar had decreased, which was considered a consequence of carbon deposit
formation. The specific surface area was 84.8 m2 /g with a pyrolysis temperature of 600 °C. From
a study conducted by Wang et al. [133] (500 and 700 °C, 5 °C/min, 4, 8 and 16 h) one can observe
a large difference in specific surface area between straw and woody material. In general, the BET
surface area of biochar from rice, maize and wheat straw is smaller than for woody materials. A
larger BET surface area, for all tested feedstocks, was achieved at the higher pyrolysis temperature.
For instance, biochar from wheat straw pyrolysed for 4 h at 500 °C had a BET surface area of 2.48
m2 /g, while at 700 °C the area was 319 m2 /g. Mohanty et al. [162] studied pyrolysis of wheat
straw, timothy grass and pinewood (450 °C, 2 and 450 °C/min, 30 min respectively 3 s) and found
the heating rate to affect the total specific surface area. A higher heating rate resulted in a larger
total specific surface area, 184 ± 3 m2 /g compared to 178 ± 3 m2 /g , and more micropores, 158 ± 3
m2 /g compared to 148 ± 2 m2 /g .4
Park et al. [156] found the H/C ratio and the O/C ratio to decrease with an increasing pyrolysis
temperature. At 400 °C, the H/C ratio was approximately 0.70 while the O/C ratio was around
0.18. At 500 °C, these values were approximately 0.30 and 0.13 respectively. With an increasing
temperature, the higher heating value (HHV) of the biochar decreased. When the temperature
4
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reached 500 °C, the HHV was 13.5 MJ/kg (dry basis) and increasing the temperature further did not
change the HHV significantly. The decrease in H/C and O/C ratio with temperature has also been
observed by Fu et al. [163] who investigated both slow (900 °C, 10 °C/min, 1 h) and fast (600-1000
°C, 300 °C/min) pyrolysis of rice straw. However, they found the HHV, at a pyrolysis temperature
of 600 °C, to be 25.99 MJ/kg. At 900 °C, a higher HHV was achieved with a higher heating rate,
30.38 vs. 28.88 MJ/kg. The heating rate and temperature was shown to affect the properties of
the resulting biochar, together with the pyrolysis temperature. The char yield decreased when an
increased heating rate was applied, in addition to a lower O/C ratio. Mohanty et al. [162] also
found the biochar yield to decrease with a higher heating rate.
Crombie and Masek [2] found the heating value of the products to be affected by the pyrolysis
temperature. Increasing the temperature resulted in an increase of HHV of the biochar and the
effect was larger for the biochar produced from wood. It is suggested that the reason for straw
produced biochar has a lower HHV is due to a dilution effect caused by the higher content of ash
in the feedstock and thus a high ash content in the biochar. An alternative explanation is that the
presence of C-H, O-H, C-O bonds contribute to the high HHV, which has been suggested in a
previous study. [164] Temperature had the greatest effect on the HHV of the biochar, followed by
carrier gas flow rate, observed only at 350 °C and not at 650 °C, and feedstock. The HHV of the
biochar was not influenced by the residence time. Temperature, carrier gas flow rate and residence
time did not significantly affect the HHV of the liquid product. However, the feedstock did. The
HHV of the liquid and the ash content of the biochar showed a moderate correlation, suggesting
that a difference in the HHV of the liquid from the two feedstocks might be a result of variations
in ash content of the feedstocks. For the HHV of the gas, the temperature and carrier gas flow
rate had significant effects, while the residence time did not have an effect. Increasing the carrier
gas flow rate increased the HHV of the pyrolysis gas due to increased concentrations of H2 , CH4
and C2 H6 . Increasing the pyrolysis temperature resulted in an increase of the same compounds, in
addition to CO. The increase of HHV in the pyrolysis gas with temperature and carrier gas flow
rate is also due to the decrease of CO2 . It is suggested that a higher gas flow rate obstructs energy
rich gas to undergo secondary reactions instead it exits the system.
The CEC decreased from a value of 68.7 to 22.0 cmol/kg in the study by Cheng et al. [161].
However, it has been shown that the effect of temperature on the CEC of the biochar depends on
the type of straw. In one study where four different straws were pyrolysed, a general trend was not
observed – the effect varied between the straws. [154]
According to Crombie and Masek [2], the influence of the residence time on the stable and labile
carbon was not significant. The temperature, however, had the greatest influence on the yield and
concentration of the stable carbon. The highest pyrolysis temperature generated the most stable
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biochar. The carrier gas flow rate had an influence, second to temperature, on the stability and
yield of stable carbon - decreasing the carrier gas flow rate increased the stability and yield of
stable carbon. Additionally, the choice of feedstock had merely an effect, if any, on the content of
stable carbon when pyrolysed at 350 °C. At 650 °C this effect was significant. The labile carbon
was affected by the pyrolysis temperature. The biochar produced at 650 °C had less than 0.1 wt.%
labile carbon. At low temperature, the type of feedstock had an influence on the amount of labile
carbon while at the highest temperature, the effect of feedstock was not significant. Regardless of
pyrolysis temperature, the amount and yield of labile carbon was not significantly affected by the
carrier gas flow rate.
2.2.7 Metals, Nutrients, Chlorine and Sulphur
According to Koppejan and van Loo [165], straw, cereals and grass ash contains a significantly
lower amount of heavy metals than ash from bark and wood. A higher amount of heavy metals
in wood or bark is explained as a consequence of longer growth time of wood which results in
accumulation, solubility of heavy metals due to lower pH in forest soils and higher deposition
rate in forests. Mohanty et al. [162] investigated the metal and nutrient content in biochar. When
comparing it to the content of the feedstock, analysed in a previous study [166], it was shown that
the nutrients Ca, Mg, K, P and the heavy metals Cr, Pb, Zn, Cu were concentrated in the biochar
produced through pyrolysis of wheat straw at 450 °C. The results also indicate the heating rate
to affect the concentration of some nutrients and heavy metals in the biochar. Pyrolysing straw
with a lower heating rate, the concentration of Na, Mg, Al, Cr, Mn and Cu increased compared
to applying a higher heating rate. The concentration of P, Fe, Zn and Pb decreased when a lower
heating rate was applied. With a higher heating rate, the biochar became more fragmented. Cheng
et al. [161] found the C, P, Na, N, K and Ca content to increase in the biochar when the temperature
was raised.
Wang et al. [167] performed pyrolysis of wheat straw to identify the temperature dependent transformation of N, Cl, and S (34-800 °C, 10 °C/min). The results indicated the release of N species
was initiated at around 250 °C and peaked at around 350 °C. The results from the mass spectrometer (MS) showed that the intensity of NH3 was sharper and higher compared to other N-species,
such as HCN and CH3 CN. Except for NH3 , the release of N was mainly in the form of HNCO.
The results regarding the transformation of Cl showed that most of the Cl had been released when
the temperature was increased to 815 °C. The emissions of Cl detected by the MS indicated most
of the Cl to be released in the form of HCl and much less was released in the form of Cl2 . The
difference between the release of N and Cl is that the latter did not show a sharp peak. The intensity
of the Cl emissions was highest at around 350 °C, however, it gradually decreased up to about 800
°C, indicating that Cl was emitted even after most of the volatiles were released. In the analysis of
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the ashes derived from pyrolysis at 400, 600 and 815 °C, it was shown that at 815 °C, almost all
Cl had been released from the ash. By analysing the K content in the ash, the authors suggest K to
be lost as KCl and other K-species during pyrolysis.
Knudsen et al. [168] followed the transformation of S when two different straws, with varying
amount of S, were pyrolysed (800 °C, 5-25 °C/min). The study showed that at 400 °C, straw
containing 0.14 wt.% and 0.20 wt.% S (dry basis) released approximately 35 % and 50 % respectively, of the original S to the gas stream. When the pyrolysis temperature reached 950-1000 °C,
the amount of S released was 45 % and 55 %. Furthermore, it was concluded that the straw with
the highest amount of inorganic SO4 -2 had the lowest amount of released S. Wang et al. [167]
also studied the transformation of S. The release of S was mainly in the form of COS, and the
release peaked at temperatures around 200-400 °C. The signals from H2 S and SO2 were lower at
temperatures below 950 °C, thereafter, the intensity of SO2 increased.
2.2.7.1 Alkali metal emissions
Olsson et al. [77] studied the alkali metal emissions produced during pyrolysis of different wheat
straws (180-960 °C, 1-250 °C/min) with a surface ionization detector. The results showed that
emission peaks of alkali metals were low when the pyrolysis temperature was below 500 °C and
then increased above 500 °C. When a larger particle size of the feedstock was used, i.e. a roughly
grounded sample instead of a finely grounded sample, the emission peaks below 500 °C followed
the same pattern as for a smaller particle size, but the peaks were higher. Moreover, the heating rate
affected the alkali metal emissions. For a higher heating rate, with an end temperature of 600 °C,
the alkali metal emissions were shifted towards higher temperatures. Moreover, the peaks tended
to increase when the heating rate was increased. The authors suggest the alkali metal emission
taking place from the ash below 500 °C not to depend on the Cl content of the feedstock. Instead
it is suggested that this release is in correlation with decomposition of organic structure.
The results presented above are in line with Davidsson et al. [149] who performed a study where
straw, cultivated on a fertilised soil, was tested. Most of the alkali emissions were released above
500 °C. Less than 0.5 % of the alkali present in the feedstock was released below 500 °C. If a
Cl-rich fertiliser had been used, the alkali emission occurred earlier. The temperature interval of
maximum alkali release was estimated to 800-870 °C, depending on the used fertiliser. However,
in contrary to the previous study, the Cl-content of the feedstock is believed to be related to the
alkali emissions - a larger Cl content in the feedstock resulted in more alkali emissions.
However, there are studies with contradicting results to the ones presented above. According to
Jensen et al. [73], the release of K and Cl can be controlled by the pyrolysis temperature. They
performed pyrolysis of straw (100-1100 °C, 50°C/s, 15 min) and 60 % of the Cl was released
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between 200-400 °C. No significant amount of K was released below 700°C, but at 1050 °C, 25%
of the K had been released. Moreover, if a larger sample mass or a slower heating rate was applied,
the release of Cl was reduced. Lastly, the authors found potassium silicates present in the char,
claimed to be formed between 700-800 °C. Björkman and Strömberg [169] pyrolysed (200-900
°C, 50 °C/min, 30 min) straw and found 20-50 % of the Cl to be released at 400 °C, after 400 °C,
the release of Cl was smaller. Almost all Cl was retained in the biochar up to 200 °C, indicating
no release of Cl when drying.
According to a report by The Centre for Biomass Technology [170], having a pyrolysis temperature
below 550 °C ensures that Cl and alkali stay in the biochar.
2.2.8 Silicon
Herbaceous biomass fuels, such as straw and cereals, contain higher amounts of ash compared
to woody biomass due to a higher nutrient uptake during growth. The Si content in ashes from
herbaceous fuels is higher as a result of high contents in the stalk. [165] Si in the ash of a fuel
may be in the form of SiO2 . SiO2 exists in various forms, both amorphous and crystalline, and
the properties differ. Examples of amorphous forms of SiO2 are glass, biogenic and opal SiO2 .
[171] The main crystalline phases are quartz, tridymite and cristobalite. [172] SiO2 can undergo
phase transition when heated; for instance, SiO2 glass transforms directly to cristobalite when
heated. Due to the open structure of the amorphous SiO2 , the dissolution rate is higher compared
to crystalline structures. [171]
The crystalline forms of SiO2 such as quartz and cristobalite are carcinogenic when inhaled. The
health effects depend on the particle size of the SiO2 as well as the amount of respirable material. It
is proposed that the risks with Si are low when biomass is used as a fuel, due to the low Si content,
however, the risk might be of potential concern when using crops with increased Si content in ash,
such as rice husks. [173] There are a couple of studies investigating the formation of crystalline
SiO2 , however, few of them investigate the transformation of SiO2 during pyrolysis while the
majority investigate the formation during combustion. The temperature interval where crystalline
SiO2 is formed varies between the studies. In one study where rice straw was pyrolysed for 6 h
at various temperatures, the results showed that quartz was formed in the biochar at temperatures
as low as 350 °C. [174] In another study where rise husk was combusted at various temperatures
and residence times, it was shown that hardly any crystalline SiO2 was formed at 700 °C while at
temperatures over 900 °C crystalline SiO2 was observed when combusted (6 h). [175] In the same
study, the ash produced from combustion at 1100 °C was evidently crystalline and it is suggested
that the SiO2 was in the form of cristabolite and tridymite. In a study where pure SiO2 doped with
alkali metals was calcined in air (500, 800 and 1000 °C, 4 h), it was shown that the SiO2 remained
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amorphous at 500 °C, however, at 800 °C it contained quartz and at 1000 °C it contained both
quartz and cristobalite. [172] It is claimed that pyrolysis and combustion can be performed under
800 °C when the aim is to extract an amorphous form of SiO2 . [171]
Xiao et al. [174] investigated the Si transformation in rice straw (150, 250, 350, 500 and 700
°C, 5 °C/min, 6 h). Apart from biochar, ash from rice straw was produced through combustion
(900 °C, 6 h). With an increasing temperature, the amount of Si increased in the biochar, from
4.90 to 18.29 %. The amount of active and available Si tended to increase with temperature. The
amount of dissolved Si reached a maximum at a pyrolysis temperature of 700 °C. The produced
ash contained a large amount of Si, however, the dissolved Si was detected to be low. All biochars,
except for the one produced at a pyrolysis temperature of 700 °C, and the ash, mainly consisted
of amorphous Si (approximately 100 %). The results indicate that formation of crystal Si occurs
at higher pyrolysis temperatures. However, quartz was found in the biochar from 350 and 700 °C
and crystal Si such as tridymite, quartz and cristobalite was detected in the ash.
Si-rich feedstock could be of advantage if the aim is to use the produced biochar as a fertiliser.
Houben et al. [176] investigated the effect on soil of three different biochars from; Miscanthus
straw, coffee husks and woodchip with the same process parameters (600 °C, 30 min). The results showed that biochar from Miscanthus straw, at a concentration of 3 % w/w, had the highest
bioavailable Si-release of the three feedstocks.
2.2.9 Other Hazardous Compounds
The behaviour of dioxins, PAH and per- and PFAS during pyrolysis of straw is described below.
2.2.9.1 Dioxins
It is of interest to investigate whether straw contains PCDD/F originating from the growth site.
The soil to plant transfer of PCDD/F has been investigated the past decades. Zhangh et al. [177]
present a collection of results from several studies where the transfer of PCDD/F from soil to plants
has been analysed. The results indicate transfer of PCDD/F from soil to aboveground plant tissue
through the roots to be small, and the cause is believed to be the hydrophobicity of the compounds.
The presence of PCDD/F in plants was rather due to the volatilisation of the compounds in the soil
which were absorbed by aerial plant tissue. [178,179] However, in studies with Cucurbita species,
such as pumpkin, squash and zucchini, it was shown that there was an uptake of PCDD/F from
the roots and transferred to the leaves. Zhang et al. [177] investigated the translocation of three
water soluble dioxin congeners in 12 crops when cultivated on a contaminated hydroponic system.
The results indicated that the translocation of dioxins from roots to shoot tissue was highest among
Cucurbita plants. Furthermore, some translocation was found in two graminaceous plants, wheat
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and sorghum.
As the amount of PCDD/F in straw is unknown and there is a possibility for absorption if the
plants are cultivated on contaminated land, it is of relevance to investigate the levels of PCDD/F
are high in the produced biochar. Weidemann et al. [180] conducted a study where the PCDD/Fs
content was analysed in biochar. The biochars were produced through pyrolysis of pine, digested
sewage sludge and wheat straw (550 and 700 °C, 5 respectively 6 min). The results indicated that
the levels of polychlorinated aromatic compounds in the biochar were almost negligible. Even
though PCDD/Fs were detected, the amounts were non-quantifiable. The only compound exceeding blank concentrations by five times, in some but not all samples, was monochlorinated dibenzofuran (MoCDF). The production of MoCDF was favoured by lower temperatures and a larger
reactor. Worth mentioning, some chlorinated compounds were not possible to measure due to matrix interference. These results are in line with the ones derived by Wiedner et al. [181] where various feedstocks were treated thermally. Both chars produced from gasification of poplar and olive
residues, pyrolysis of draff and wood chips as well as hydrotreatment of leftover food and sewage
sludge were analysed to determine the content of polychlorinated compounds. All biochars produced contained lower limits than detectable, measured as TEQ, except for the biochar produced
from sewage sludge. However, the dioxin content in sewage sludge biochar was explained to be
due to the presence of dioxin in the original feedstock. The authors claim that since the conditions
for biochar production are ideal for dioxin synthesis (temperature <600 °C), low Cl containing
feedstocks are preferred.
2.2.9.2 Polycyclic Aromatic Hydrocarbons
Buss et al. [182] studied the amount of 16 different PAHs in biochar produced from various
feedstocks, there among straw pellets of wheat and oilseed rape (for straw: slow pyrolysis, 350 and
650 °C). The straw resulted in a biochar with a higher concentration of PAH compared to softwood,
5.8 times more. This is in line with another study where the concentration of PAH was 7 times
higher. [180] Buss et al. [182] claim the residence time of the pyrolysis to not affect the amount
of PAH. In contrary, if the flow of the carrier gas was increased, the amount of PAH decreased
in the biochar. This study could not observe any significant difference in the concentration of
PAH in biochar from straw when the pyrolysis temperature was between 350-650 °C. The authors
conclude that the concentration of PAH depends on several factors, including feedstock, pyrolysis
temperature, reactor design and flow of carrier gas, and it is difficult to predict exact amount and
composition of PAH in the biochar.
Additionally, Weidemann et al. [180] pyrolysed different feedstocks, there among wheat straw (550
and 700 °C), and found the PAHs in biochar from straw to mainly consist of two and three-ring
molecules. However, higher ring molecules were also found, especially for straw. The number of
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rings was not believed to depend on the pyrolysis temperature nor on the size of the reactor. The
results showed that the size of the reactor affected the amount of PAH in the biochar produced
from wheat, but only when the pyrolysis temperature was 550 °C. A larger reactor resulted in
a higher concentration of PAH. The authors found PAH in the condensable gas fraction as well.
The biochar produced from straw passed the EBC limit of allowed PAH content. Additionally,
the pyrolysis temperature affected the amount of PAHs for wheat straw - the higher pyrolysis
temperature resulted in a lower concentration of PAHs in the biochar. This is in line with a study
conducted by Keiluweit et al. [183] which showed that a pyrolysis temperature of 500 °C resulted in
the maximum concentration of PAH in biochar from grass, there among tall Fescue straw. Between
100-200 °C the concentration was low and started to increase at 300 °C.
Li et al. [184] investigated 27 PAHs in biochar produced from maize straw with varying particle
size (9.31- 101.9 µm) (350 °C, 50 °C/min, 6 h). The results showed that the PAHs in the produced
biochar tended to first increase with particle size but then decrease. This in turn indicates that a
larger particle size may decrease the amount of PAHs in the biochar. The amount of high molecular weight PAHs decreased with increasing particle size while the amount of low and medium
molecular weight first increased and then decreased with particle size.
According to Freddo et al. [185], who pyrolysed four different feedstocks, there among straw, the
variation in concentration of PAH in the biochar depends on the pyrolysis temperature and the
feedstock (300 °C, 12 h and 600 °C, 2.5 h). The PAH concentration at 300 °C was higher than
600 °C. Furthermore, PAHs with lower molecular weight were found in the biochar to a greater
extent than PAHs with a high molecular weight. These results are in line with Hale et al. [186]
Additionally, the authors reported a higher content of PAHs when a shorter residence time was
applied. The highest concentration of PAH was found in biochars produced between 350-550 °C.
Since the biochar might be used as agriculture amendment, the bioavailability of PAH is central to
examine. With increased residence time, the bioavailability of PAH decreases. [186]
2.2.9.3 Per- and Polyfluoroalkylated Substances
A possible presence of PFAS in straw might be related to the extraction of PFAS during uptake of
nutrients and water. It has been shown that if the growing environment of the plant is contaminated
with perfluorinated alkyl acids (PFAA) or perfluorinated carboxylic acids (PFCA), higher amount
of these are found in the plant. [187] The transportation of the fluorinated compounds is suggested
to depend on their size and hydrophobicity, therefore, some compounds were found in a higher
concentration in the roots compared to the foliage. The carryover from soil to plant of polyfluorinated compounds (PFC) was observed in a study of five cultivated plants. [188] In this study,
it was concluded that the levels of PFC in the plants increased with the degree of contamination
of the soil. Additionally, the concentration of PFC was higher in the vegetative part of the plant,
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e.g. straw, compared to the storage organs, e.g. grain. The distribution, relative uptake and storage
of PFC differed between the crop plants, indicating a high dependence on the species of the crop.
Additional studies detected flourinated compounds in plants [189] and in food samples purchased
in Norwegian stores [190].
There is no analysis of the PFC content in the straw used in this project. However, based on
previous studies it is suggested that the possible presence of PFC in straw might be a result of
contaminated land. Therefore, since the presented data suggests that PFAS is not destroyed in
pyrolysis, it is of relevance to investigate if the straw used as a feedstock is contaminated.
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2.3

Pyrolysis of Horse Manure

Similarly to peat, there are a limited number of studies conducted on pyrolysis of horse manure. To
receive a general understanding, results from studies covering pyrolysis of other types of manures
are therefore presented. The composition of the manure depends on the species and the animal
keeping. [12] Manure is rich in ash, N, Cl and S and often contains a high moisture content.
As seen in Table 2, derived from data provided by Strömberg and Herstad Svärd [12], there is
a certain similarity in the composition of the dry and ash free manures, however, the difference
between them cannot be neglected. db stands for dry basis, daf stands for dry and ash free and ar
is as received. LHV stands for lower heating value.
Table 2: Properties of different manures, single values presented are
an example of an analysis while two values represent a span.
Elemental Analysis

Cow Manure

Pig Manure

Chicken litter

Horse Manure

Moisture content
Ash (% db)
Volatile matter (daf)

14 - 74
16 - 42
84 - 92

12.7 - 92.1
15.2 - 35.4
74.2 - 79.4

3.9
27.4
84.5

59.9 - 66.2
3.4 - 14.7
-

HHV (daf)
HHV (ar)
LHV (daf)
LHV (ar)

19.6 - 20.6
8.5 - 14.9
18.2 - 19.2
7.3 - 13.6

21 - 21.3
1.09 - 15.6
19.9 - 20.0
1.23 - 14.5

19.0
13.2
17.5
12.1

20.89
7.15
18.84 - 19.47
5.2

C (wt.% daf)
H (wt.% daf)
O (wt.% daf)
S (wt.% daf)
N (wt.% daf)
Cl (wt.% daf)

44.9 - 54
6.2 - 6.4
36 - 36.8
0.34 - 1.06
1.14 - 3.9
1.38 - 2.31

51.5 - 54.1
4.9 - 6.8
33 - 39.5
1.14 - 3.9
0.59 - 1.84

49.5
6.9
37.7
1.06
4.9
-

51.11 - 53.8
6.26 - 6.57
38.64 - 39.37
0.15 - 1.04
0.06 - 2.1
0.08 - 0.54

The LHV (ar) and the HHV (ar) differs between the manures. This is probably due to the difference
in moisture content. The HHV (daf) for all four manures are however considered to be in the same
order of magnitude.
Comparing the elemental analysis, the four manures have different amounts of each element, but
within the same order of magnitude. These elements will probably be in the form of various
compounds which may differ between the manures. This will affect the formation and composition
of the pyrolysis products.
As depicted in Table 2, the amount of C does not differ greatly between the manures. However,
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there is no information on the percentage of volatile matter of horse manure. Therefore, it is
unknown if the manures will result in the same product distribution when pyrolysed.
Horse manure has low amounts of N, Cl and S compared to the remaining manures. This difference
is important when investigating e.g. the production of fuel NOX in the process. Low amounts of
Cl are relevant when discussing corrosion as well as production of dioxins. Moreover, the amount
of ash in horse manure is noticeably lower compared to the other manures. This affects the amount
of biochar produced and also the effect of so called ash-related problems when pyrolysing horse
manure.
2.3.1 Pretreatment and Handling
Strömberg and Herstad Svärd [12] discuss the general handling of manure and potential problems.
One aspect that must be considered is the storage of manure. If manure is stored for a longer
period, its quality and quantity is lowered due to leaching and decrease in volume. Additionally,
biological activity occurs instantly, which changes the composition of the manure. For instance,
this happened to E.ON in Malmö where the manure could no longer be used after two to three
weeks of storage. If the manure is stored with bedding, there is a risk of autoignition due to heat
generation caused by decomposition of the material. To avoid autoignition, the authors recommend
a minimal storage time as possible and to regularly check the temperature. If the manure consists of
bedding, mixing could help avoiding autoignition. Mixing manure with substances such as straw
or grass is sometimes difficult due to low bulk density of the latter. [94]
According to Strömberg and Herstad Svärd [12], there is a risk of corrosion when manure is used.
The authors present a ratio between Cl and S for horse manure, with bedding, which is used to
estimate the risk of corrosion. This ratio is however process dependent and should only be used as
a benchmark. The S/Cl ratio should be between 2-4, but it is feasible to have a S/Cl value higher
than four.
Jeong et al. [191] conducted a study where the effect of adding CaCO3 to horse manure in addition
to using CO2 as pyrolysing agent were investigated (25-900 °C, 10 °C/min). Using CO2 instead of
N2 did not show to have an affect on the degradation below 780 °C. When CaCO3 was added to
the feedstock, there was a shift of the product distribution; the mass yield of the condensable gas
decreased while the mass yield of the non-condensable gas increased. In this study it is suggested
that CO2 might affect the pyrolysis in two manners. Firstly, the presence of CO2 is suggested to
increase the thermal cracking of volatile components. Secondly, CO2 is suggested to react with
the volatile components, forming CO, which increases the pyrolytic gas yield. These effects were
observed at temperatures above 500 °C. In the article it is discussed that CaCO3 can act as an
alternative source of CO2 , and in the case where CaCO3 is used, the effect of CO2 is observed at
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450 °C and it is due to the catalytic effect of CaCO3 . It can be discussed whether it is beneficial to
add CaCO3 or use CO2 as pyrolysing agent.
2.3.2 Effect of Temperature
As stated, the pyrolysis temperature is an important parameter which affects the distribution of
the produced products and the quality of the biochar. Tsai et al. [192] performed two pyrolysis
experiments of horse manure without bedding (500 °C, 0, 30, 60, 90 and 120 min) and (400-800
°C, 10 °C/min, 60 min). Their results showed that the produced biochar contained more than 50
% C and that the biochar yield decreased as the final temperature increased. The results from
this study showed that the amount of pyrolytic gas peaked at temperatures around 500-600 °C.
Important to mention is that the pyrolysis was performed with a slow heating rate and a long
residence time.
A TGA was performed by Jeong et al. [191] on dry horse manure with a heating rate of 10 °C/min
and using N2 as carrier gas. Their results indicate that the mass loss under 150 °C is due to the loss
of moisture. It is also suggested that the mass loss between 150-400 °C is related to volatiles in the
feedstock and that the residual mass is related to fixed carbon. Wu et al. [193] investigated pyrolysis
and combustion of dairy manure (25-850 °C, 20, 40 and 60 °C/min, 1 min). During the first mass
loss, 25-160 °C, moisture was considered to leave. The main mass loss took place between 160360 °C which was appointed to protein, starch, cellulose, hemicellulose and microbial cell walls.
The third mass loss, between 360-600 °C, was considered to mainly be lignin. The fourth and last
mass loss took place between 600-850 °C. As the temperature rose, the mass loss rate decreased.
A higher heating rate resulted in a larger amount of residue and a shift of the mass loss curve
towards higher temperatures. Even though the heating rate was shown to affect the end product,
the pyrolysis temperature was considered the main parameter.
Cantrell et al. [194] studied the impact of pyrolysis temperature (350 °C and 700 °C, 2.5 °C/min
respectively 8.33 °C/min, 2 h) on five different manures: dairy, poultry, turkey, swine and feedlot.
When the pyrolysis temperature increased, the release of volatile matter increased. However, the
amount of volatile compounds differed between the five manures. The ash content in the biochar
increased with an increasing pyrolysis temperature. At 350 °C the ash content ranged between
24.2 ± 0.5 to 34.8 ± 0.1 wt.% and at 700 °C it ranged between 39.5 ± 1.6 to 52.9 ± 0.5 wt.% for the
five manures. These results indicate that the ash content is larger for a higher pyrolysis temperature
and higher ash content results in a larger amount of biochar. The temperature also affected the fixed
carbon - increased pyrolysis temperature resulted in a higher amount of fixed carbon in the biochar
compared to the initial amount in the feedstocks.
Due to the high ash content in manure produced biochars, these can potentially be used as liming
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agents in acid soils. [195] Tsai et al. [196] conducted a study were swine manure was pyrolysed
at different temperatures. Their results showed, increasing the end temperature of the pyrolysis
increases the ash content in the produced biochar. Nonetheless, after 700 °C there is a decrease in
ash content, and the authors claim it might be due to two reasons. The first reason is the release
of CO2 as minerals, such as CaCO3 , are thermally decomposed. The second is due to the loss of
minerals with low melting point.
Dai et al. [197] studied pyrolysis (300 °C and 500 °C, 26 °C/min, 2 h) of ten different feedstocks,
there among two different swine manures (sow and weaner). In general, the results differed widely
depending on the feedstock. As in previous studies, the amount of biochar decreased with increasing pyrolysis temperature and pyrolysis of swine manure resulted in the highest amount of
biochar (60 % at 300 °C, 46 % at 500 °C). This was explained by the high amounts of minerals
present in swine manure that where not volatilised. The ash content in the biochar increased with
temperature.
A large yield, 40-45 %, of biochar was also a result when Das et al. [198] investigated poultry
litter in slow pyrolysis (25-600 °C, 10 °C/min). This was explained by the large amount of protein
and ash present in the poultry litter. Pyrolysis of broiler manure, both cake and litter, has been
investigated by Lima et al. [199] (700 °C and 800 °C, 1 hour). The amount of biochar decreased
with increasing pyrolysis temperature for both cake and litter. The amount of produced biochar
was considered higher than for plant-based feedstocks.
2.3.3 Gas Composition
In a study by Jeong et al. [191], horse manure was pyrolysed in the presence of N2 . It is not
defined if the manure included bedding or not. The results showed the maximum concentration of
H2 to be at 680 °C, of CH4 at 500 °C and of CO at about 400 °C. Compounds, such as C2-4 , were
also detected but the levels were low in comparison to H2 , CH4 and CO. The distribution of the
pyrolytic products at 650 °C was the following: biochar 47.6 wt.%, condensable gas 17.0 wt.% and
non-condensable gas 35.4 wt.%. The composition of the condensable gas, excluding water, was
analysed and the most common compounds were naphthalene, phenanthrene and pyrene.
Burra et al. [200] studied pyrolysis and combustion of chicken manure at different temperatures,
(600-1000 °C). The pyrolysis was operated without O2 while the combustion was operated with
both 10 % and 21 % O2 . The authors focused on the analysis of gaseous products such as H2 , CO,
CO2 , CH4 , C2 H2 , C2 H6 and C2 H2 . The amount of gaseous products increased as the temperature
increased. A higher pyrolysis temperature resulted in a higher gas flow rate and the peak of the
maximum flow rate occurred earlier than with a lower pyrolysis temperature. Depending on the
temperature, different gaseous products were formed during different intervals. During the first
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8-10 min, the formation of CO2 was dominant, while at 1000 °C the formation of CO and H2 were
dominant. Additionally, the overall formation of H2 was greater than CO2 . According to Lima
et al. [199] the amount of gaseous products, both non-condensable and condensable, increased
with increasing pyrolysis temperature, except for CO which decreased. The main non-condensable
gaseous products were CO2 , CO, H2 and other hydrocarbons such as CH4 , C2 H6 , C3 H8 and C4 H10 .
The gas stream mainly consisted of CO2 , which increased with increasing temperature. This is in
line with a study conducted by Srinivasan et al. [195].
2.3.3.1 Nitrogenous Compounds
Clark et al. [201] investigated the characteristics of the gas flux during fast pyrolysis of chicken
manure (450-485°C and 545-585°C). Gas measurements of CO2 , CO CH4 , NH3 , N2 O, NO and
NOX were conducted. The main N emission at the first temperature range was NH3 which accounted for 99 % of the N emissions, where N2 O comprised 0.08 % and NO 0.34 %. The main C
emission was CO2 , 66 %. When the pyrolysis temperature was raised, the composition of the gas
changed slightly, however, NH3 and CO2 still comprised the greater amount (99.68 % and 58%).
These results indicate that NOX is not produced during pyrolysis at these temperaments. However,
these N emissions can act as precursors when pyrolysis gas is combusted, see section 1.3.1.
Jong et al. [202] studied pyrolysis of different feedstocks there among chicken litter (ambient900°C, 10, 30 and 100 °C/min, 3 min) with focus on the formation of NOX precursors. When
chicken litter was pyrolysed, the main gaseous N was in the form of NH3 , HCN and HNCO, where
NH3 was the major component, as for previous study. The authors state the amount of released N
to not correlate with the original N-content in the feedstock or the O/N ratio, but with the structure
of the feedstock. Moreover, the amount of N in the gaseous phase decreased with an increasing
heating rate, believed to end up in the tar instead.
Meesuk et al. [203] reported conversion of N when pig compost was pyrolysed (300, 500, 700 and
900 °C, 10 °C/min, 1 h). Neither N2 O nor NOX were detected in the gas stream. With an increasing
pyrolysis temperature, the N content in the gas phase increased, 73 % remaining in the biochar at
300 °C and 21 % at 900 °C. Similar to the previously mentioned studies, NH3 comprised the largest
N product with a noticeable increase between 300-500°C, explained to be due to amino groups in
the protein being pyrolysed. N2 , not a NOX precursor at this temperature interval, was considered
to be formed when char-N was converted, which occurred at higher pyrolysis temperatures. Lastly,
the formation of HCN was low at 500 °C, but it increased when the pyrolysis temperature was
above 500 °C.
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2.3.4 Properties of Biochar
Subedi et al. [204] studied biochar produced from poultry and swine manure (400 and 600 °C). The
C content increased with increasing pyrolysis temperature. However, the C content was lower in
the biochar from the two manures compared to wood chip biochar when the pyrolysis temperature
was 1000 °C.
The porosity of the biochar produced from manure has been investigated by different researchers.
Tsai et al. [196] analysed the pore properties of the produced biochar from swine manure (400-800
°C, 10 °C/min, 1 h). A tendency was shown, the greater final pyrolysis temperature, the larger
specific surface area. Their results also showed that the major increase of specific surface area
occurs with a pyrolysis temperature of 700 °C. With a pyrolysis temperature of 400 °C, the BET
surface area was 5.7 m2 /g while it had increased to 63 m2 /g at 800 °C. An increased specific surface
area is in line with the results derived by others [194, 204, 205].
Uchimiya et al. [205] investigated broiler litter manure undergoing pyrolysis (350 °C and 700 °C,
1 hour). At 350 °C the biochar had an BET surface area of 59.5 ± 19.7 m2 /g and at 700 °C,
94.2 ± 5.1 m2 /g. Subedi et al. [204] compared the BET surface area of biochar from woodchips
and the BET surface area and the porosity of biochar from poultry and swine manure was lower;
around 5-10 m2 /g for the manures, and 178.3 m2 /g for woodchips. Cantrell [194] observed a large
difference in the BET surface area; biochar from dairy and feedlot manure had a specific surface
area of 145-187 m2 /g while biochar from swine manure only had a specific surface area of 4.11
m2 /g.
Furthermore, Dai et al. [197] found the pore volume and the BET surface area to increase with
temperature and the area was around 13 m2 /g for the biochar from sow and weaner produced at
500 °C. A higher pyrolysis temperature resulted in more meso- and micropores. It was observed
that the swine manure had minerals present in the pores. It was also shown that the biochars
acted differently when applied to soil. For instance, 100 days after the addition of biochar from
sow manure, the pH, the concentration of P and K as well as the dissolved inorganic N and C
had increased. However, the results from Lima et al. [199] are contradictory, the BET surface area,
consisting of many micropores, decreased with pyrolysis temperature. The BET surface area at 700
°C for broiler cake was 318 ± 15 m2 /g and for broiler litter 238 ± 13 m2 /g. Raising the temperature
to 800 °C resulted in a BET surface area of 261 ± 47 m2 /g respectively 199 ± 33 m2 /g. The results
presented above indicate that the specific surface area might differ with more than one order of
magnitude depending on the type of manure and process parameters.
In the study by Cantrell et al. [194], the pH of the produced biochar from all five manures increased
with temperature and at a pyrolysis temperature of 700 °C the pH varied between 9.5-10.3. The C
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content of the biochar at 350 °C was higher compared to the manures, except for swine manure.
When the temperature was 700 °C, the C content did not change, except for dairy manure where it
decreased. The O and H content as well as the molar ratios H/C and O/C decreased with increasing temperature. Lastly, at 700 °C, an average of 77.5 % of the N present in the feedstock had
vaporised. However, at 350 °C, the N content had increased in all five biochars, compared to the
feedstocks.
In the report by Tsai et al. [192], the calorific value of the biochar increased up until 600 °C,
then it slightly decreased, reaching a value of approximately 25 MJ/kg at 800 °C. This decrease
is claimed to be due to removal of H. It was shown that a pyrolysis temperature of 400 °C was
enough to produce a biochar with a molar ratio of H/C and O/C of roughly 0.6 and 0.2 (calculated
from the derived results). The molar ratios of the char with a final temperature of 500 °C were 0.3
and 0.2 for H/C and O/C respectively. These results indicate that a lower pyrolysis temperature
might be sufficient to produce a biochar with molar ratios fulfilling the EBC criteria.
In a study by Cely et al. [114], it was shown that the CEC of the biochar depends on the type
of manure used as feedstock as well as the pyrolysis temperature. The CEC was shown to decrease with temperature for the majority of feedstocks, which is in accordance with results from
other studies [116, 206]. Subedi et al. [204] also found the CEC to decrease with an increasing
pyrolysis temperature for biochar produced from poultry and swine manure. Zornoza et al. [116]
pyrolysed different feedstocks (300, 400, 500 and 700 °C, 5 °C/min, 1, 2, 4 and 5 h) and the
resulting biochar’s CEC decreased with temperature, even though the concentration of nutrients
increased. The explanation is the following: the carboxylic C, formed after 300 °C, can adsorb
cations, however, this functional group together with hydroxyl groups decreased in amount with
temperature. Furthermore, it is claimed that increasing the pyrolysis temperature increases the
stability of the produced biochar, meanwhile the ability to adsorb nutrients and prohibit nutrient
leeching decreases. Nonetheless, results from other studies indicate that the CEC of the produced
biochar increases with temperature. Zhao et al. [117] pyrolysed multiple feedstocks, there among
pig manure (200-650 °C, 18 °C/min, 4 h), and the CEC of the produced biochar increased with
temperature. Zolfi-Bavariani et al. [207] studied pyrolysis of poultry manure (200, 300 and 400
°C, 15°C/min, 4 h), the results showed that the CEC increased with increasing pyrolysis temperature. The proposed explanation of the increasing CEC was an increase in specific surface area and
porosity or carboxyl groups. The authors observed a correlation between CEC and pH; high CEC
of the biochar with increased soil pH is believed to increase the CEC of soil.
According to Cantrell [194] high temperature biochars are more hydrophobic than low temperature biochars due to that the polar functional groups at the solid surface decrease and the aromatic
structure in the biochar increases with increased pyrolysis temperature. However, there are studies
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that contradict this; the results derived by Zornoza et al, [116] show that the hydrophobicity decreased with temperature (>500 °C). This was shown by the wettability as well as by the decrease
of aliphatic surface functional groups of the produced biochar.
Zornoza et al. [116] claim the following: pyrolysis should be performed at temperatures <400
°C if the aim is to produce a biochar with high CEC, an increased nutrient availability and a
decreased salinity and alkalinity. If the aim is a stable biochar the pyrolysis should be performed
at temperatures >500 °C. High temperatures also result in a biochar with higher pH and carbonate
content as well as a decreased metal availability.
2.3.5 Metals and Nutrients
Additionally, Zornoza et al. [116] claim if the aim of the biochar is to improve soil fertility, the
feedstock should be chosen accordingly. The analysed pig manure was richer in Mg, P, N, Zn and
Mn, while cotton crop residues were richer in K and B and municipal solid waste was richer in
Ca, Cu and Fe. It is mentioned that the application of Zn rich biochar, originating from e.g. pig
manure, must be chosen with care, since it can generate toxicity problems for sensitive soils if
applied continuously.
The study by Cantrell et al. [194] also discusses heavy metals in biochar from dairy, poultry,
turkey, swine and feedlot. Both heavy metals and nutrients were shown to become concentrated
in the biochar during pyrolysis. In general, the concentration of different heavy metals (As, Cu,
Mo, Ni, Zn) increased with increasing pyrolysis temperature. However, the concentration of Cd
decreased, going from a pyrolysis temperature of 300 °C to 750 °C, for all manures except turkey
litter. The concentration of Pb decreased for all feedstocks except for poultry litter, when comparing biochar produced at 300 °C and 750 °C. Meng et al. [208] studied properties of biochar
produced through pyrolysis (400 and 700 °C, 25 °C/min, 2 h) of aerobically composted and fresh
swine manure, mixed with sawdust (4:1) to reduce the moisture content. For both fresh and composed swine manure (21 and 84 days), the concentration of As, Cu, Mn, Ni, Pb and Zn increased
when the pyrolysis temperature increased. In contrary, the concentration of Cd decreased when the
temperature was raised form 400 °C to 700 °C. Additionally, the composting was believed to concentrate the amount of heavy metals. At 400 °C the availability of the heavy metals in biochar was
lower than for raw swine manure, however, at 700 °C the availability increased. The availability
also increased with increased composting.
There are studies on the behaviour of Cu and Zn in swine manure, due to fodder additives containing Cu and Zn. Lin et al. [209] observed the species, distribution and availability of Cu and Zn in
biochar produced through pyrolysis (300 °C and 500 °C, 2 hours) of swine manure. They received
similar results as the ones presented above, were the concentration of Cu and Zn in the biochar
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increased with an increasing pyrolysis temperature. The soil extraction with etylenediaminetetraacetic acid showed that the availability of Cu and Zn decreased with increased temperature. As
a conclusion, they state a higher pyrolysis temperature is preferable if the manure contains high
concentrations of Cu and Zn. These results are in line with Meng et al. [210], who pyrolysed pig
manure.
Compared to woody biomass, manure, in general, contains more nutrients which is advantageous
when producing biochar as a fertiliser. [194] Cantrell et al. [194] found minerals and nutrients, (Al,
Ca, Fe, K, Mg, Na, Cr and Mn) to have a higher concentration in the biochar (700 °C) than in the
feedstock. The concentration of P increased with temperature however, the soluble P decreased in
the biochars. For poultry and turkey litter, the soluble P in the biochar had a higher value when
pyrolysed at 350 °C, compared to 700 °C. In another study, by Zornoza et al. [116], all the available
nutrients decreased with temperature, except for K. An explanation for the decreased availability is
that organic salts or P, Ca, Mg and Fe can crystallise and form insoluble compounds. [116,211] This
occurs due to higher temperatures and pH value during pyrolysis. According to Liang et al. [212],
the concentration of P in the biochar increased with increasing pyrolysis temperature. According
to Subedi et al. [204], the N content in the biochar from poultry and swine is higher compared to
woodchip biochar. Additionally, Liang et al. [212] found the concentration of nutrients to increase
in the biochar with an increasing pyrolysis temperature, such as K, Ca, P and Mg.
Novak et al. [213] investigated pyrolysis of different feedstocks: peanut hull, pine chips, pecan
shell, switchgrass, hardwood waste and poultry litter manure. Two types of experiments were conducted, one with a temperature range between 250-700 °C for 5 seconds to 8 hours, depending
on the feedstock. The second experiment was conducted with pellets at 350 °C for 1-2 hours. In
contrary to other feedstocks, the concentration of C and N in biochar from poultry litter decreased
when the pyrolysis temperature was increased. Moreover, biochar from poultry litter had the highest pH value, highest content of ash, P, N and K. When poultry litter was mixed with pine chips,
the pH, the ash content and the concentration of nutrients decreased.
Additionally, in the report by Dai et al. [197], the concentration of P, K and total base cation
increased with temperature while O and H decreased. The N content tended to decrease for swine
manure when the temperature was raised. The authors suggest biochar from swine manure to be
suitable as soil fertiliser.
2.3.6 Other Hazardous Compounds
There are limited studies on pyrolysis of manure and the formation or destruction of different
hazardous compounds. Due to this, a summary of hazardous compounds is presented below.
Hale et al. [186] investigated pyrolysis, both fast and slow, in addition to gasification of different
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feedstocks, there among digested dairy manure (250-900 °C, 30 min, 1, 3 and 8 h). The results
showed that the pyrolysis temperature and the residence time affect the amount of PAH present
in the produced biochar. Higher pyrolysis temperature and a longer residence time decrease the
amount of present and available PAH. Biochar produced at 350-550 °C showed the highest amount
of PAH. A study from Frišták et al. [214] showed a decrease in PAH for biochar produced from
chicken manure (400 and 500 °C, 2 h) when the pyrolysis temperature increased. This is in line
with Rombolà et al. [215] who studied poultry litter undergoing pyrolysis at different temperatures
(400, 500 and 600 °C, 20, 10 respectively 5 min). Biochar produced at a temperature of 600 °C had
a PAH concentration of 0.79 ± 0.01 mg/kg. Hale et al. [186] reported the amount of dioxin present
in biochar from digested dairy manure pyrolysed at 600 °C to be 0.13 pg/g. Manure may contain
dioxins and the TEQ, based on TEF from World Health Organisation, varied in a study depending
on the species; for individual samples of pig and chicken manure the TEQ was 0.19 pg/kg and 0.20
pg/g respectively, while the median TEQ for cattle manure was 0.95 pg/g. [216]
One possible group of hazardous chemicals when considering manure is pharmaceuticals. Song
and Guo [217] discuss the problem of the usage of veterinary pharmaceuticals in fodder which in
turn can result in a release of drug chemicals into the environment. Various types of antibiotics
have been found in manure from e.g. horse, swine, cattle and poultry. However, according to
Uchimiya [218], pyrolysis of manure decomposes veterinary pharmaceuticals. This is in line with
the result derived by Liang et al. [212] where three kinds of antibiotics, namely chlortetracycline,
sulfadiazine and sulfamethoxazole, where investigated in the biochar produced from swine manure
(300-700 °C, 8 °C/min, 2 h).
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2.4

Pyrolysis of Sewage Sludge

As mentioned above, there is a need of new and valuable applications for sewage sludge. However,
before it can be used in a pyrolysis process, different parameters and important factors need to be
explored. In a review by Fonts et al. [219] it is stated that sewage sludge is a heterogeneous
material. Additionally, the treatment of sewage sludge contributes to a variation in content.
2.4.1 Pretreatment and Handling
Different approaches have been reported for the pretreatment of sewage sludge. Firstly, the sewage
sludge needs to be dewatered. According to Klass, [220] dewatering of sewage sludge often increases the dry content to 5-20 %; if an advanced technique is used, the dry content can reach
50 %. Typical dewatering techniques are centrifuges, extrusion press, hydrocyclones, thickening,
flotation hardware and water extractors. However, further drying might be necessary. Bajpai [221]
discusses drying of sewage sludge and different dryers such as rotary, fluidised bed and multiple
hearth are considered effective. Rotary dryers use direct heating and are suitable for sludge drying.
Fast drying at low temperatures can be accomplished by using fluidised bed dryers. In fluidised
bed dryers, waste heat can be utilised.
Another approach is to transform the bound water in sewage sludge into free water, which in turn
makes the drying easier. Neyens et al. [222] studied the influence of alkaline thermal treatment of
sewage sludge. The alkaline hydrolysis was performed at high pH and moderate to high temperatures. The test comprised addition of NaOH, Mg(OH)2 , Ca(OH)2 and KOH at different temperatures, reaction times and pH values. The results showed alkaline hydrolysis with Ca(OH)2 to be
efficient in order to improve the dewaterability and to reduce the amount of residual sludge.
A typical pretreatment step in pyrolysis is sizing of the feedstock. Sizing of dewatered and digested
sewage sludge might not be necessary since the size of the feedstock is considered small.
2.4.2 Effect of Temperature
Kan et al. [223] performed pyrolysis of sewage sludge (ambient to 1000 °C, 10, 40, 70 and 100
°C/min). The degradation of sewage sludge occurred in three zones. From ambient to 200 °C, water
and compounds with bonded hydrates were released. From 200 to 600 °C, the largest mass loss
took place. According to the authors, this mass loss can in turn be divided into two parts. Firstly,
biodegradable compounds being de-polymerised and secondly degradation of non-biodegradable
and/or primary organics. The third zone occurred above 600 °C which was assigned decomposition
of inorganic matter.
Inguanzo et al. [224] pyrolysed sewage sludge at different temperatures to investigate its impact
on the pyrolysis products (450, 650 and 850 °C, 5 and 60 °C/min). Their results indicated that
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increasing the final pyrolysis temperature caused a decrease in yield of the solid product and an
increase in yield of the gaseous products. The yield of non-condensable products increases only
slightly between 450-650 °C, above 650 °C it was nearly constant. The results also showed that
an increase in temperature from 450 °C to 650 °C has a greater effect on the condensable gas
yield, while increasing the temperature even further has limited effect. The heating rate was only
shown to affect the yields at the lower pyrolysis temperature. The results regarding the increase
of gaseous products and decrease of solid products are in line with a study conducted by Gao et
al. [225] (500-800 °C, 23 min and 700 °C, 6, 18, 23 and 46 min). In addition, these authors also
found the yields to depend on residence time. When the residence time increased, the yield of char
decreased (from 65.20 % to 55.55 %) while the yield of gas increased (16.49 % to 25.69 %). When
reaching a residence time of 23 min, the affect was negligible.
According to Kan et al. [223], increasing the heating rate resulted in a shift of the TGA curve, i.e. a
shift of the maximum mass loss rate, towards higher temperatures. Furthermore, it was concluded
that increasing the heating rate benefits the release of gas. The composition of the condensable
gas was also affected by the heating rate; increasing the heating rate resulted in a condensable gas
with larger number of compounds with low C number. However, the heating rate did not indicate
to have an apparent effect on the functional groups of the biochars nor the yield.
According to Staf and Buryuan [226], the heating rate did not affect the interval of release nor
the intensity of the gaseous products when sewage sludge, with moisture content of 10 wt.%,
was pyrolysed using TGA (20-1000°C, 10-30 °C/min). However, their results from completing
TGA on the sewage sludge indicated that a lower heating rate results in a lower mass of the final
solid product. Worth mentioning, observing their TGA curves, a small shift is observed when the
heating rate was increased. In the study by Induanzo et al. [224], it was showed that the heating
rate has an effect for lower end temperatures, around 450 °C, while the effect is negligible at higher
temperatures, above 650 °C. Pyrolysing with a heating rate of 60 °C/min, compared to 5 °C/min,
resulted in an increase of the condensable and non-condensable gas yield while a decrease of the
solid fraction.
2.4.3 Effect of Moisture Content
Sewage sludge can contain large quantities of water. The heating value of the sludge depends on
its treatment, origin and composition; a low ash and moisture content results in a higher value.
Furthermore, non-digested sewage sludge has a higher HHV compared to digested. For dry and
digested sewage sludge, the HHV is between 8.5-17 MJ/kg, while non-digested sewage sludge has
a value around 23 MJ/kg. [219]
As presented in a review [219], in most pyrolysis studies, sewage sludge is dried to reduce its
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moisture content. One of the reasons, is that the water often ends up in the condensable gas
fraction, which is unwanted if the aim is to use the gas as a fuel. Another drawback with high
moisture content in the feedstock is the required energy to reduce the moisture. [227] However,
studies show that the presence of moisture results in an increase of produced H2 [227, 228].
Xiong et al. [227] conducted a study on the effect of moisture content on the pyrolysis products
(1000 °C, 1 h). The result shows that the composition of the non-condensable gas is affected by the
moisture content. When the moisture content is increased from 0 to about 47 %, the concentration
of H2 increases. It was shown that increasing the moisture content even further did not have
a significant effect on the concentration of H2 . Additionally, with increased moisture content
the concentration of CO decreased while the concentration of CO2 increased. This behaviour
suggests that the gas undergoes water gas shift reactions, which is proposed in another study. [228]
Additionally, Xiong et al. [227] showed that when sewage sludge with different moisture content is
pyrolysed, the distribution of the pyrolysis products is affected. As the moisture content increased,
the yield of the char decreased, a dry material resulted in a char yield of 53.1 % which decreased
to 47.6 % when the moisture content was 80 wt.%. The yield of the gaseous product increased
with increased moisture content, which is a result of steam gasification of biochar, devolatilisation
of sewage sludge and steam reforming of intermediate products.
These results are interesting for the understanding of the effect of moisture content on the product
distribution and composition. Nevertheless, the pyrolysis temperature in these studies is high –
meaning that less gasification reactions might take place in the case with lower temperatures or
moisture content. This is supported by the results from a TGA completed on a dry sample of mixed
sludge (sludge from petrochemical industry) [229] , which showed that up to 600 °C, CO and CO2
are produced from the degradation of organic compounds. At even higher temperatures, CO is
formed according to the Bouduard reaction, see Eq. (1). Furthermore, when TGA is performed the
water is removed, which might decrease the likelihood of the water gas shift reaction.
Bouduard reaction:
CO2 + C *
) 2 CO

(1)

2.4.4 Gas Composition
The condensable gas produced when sewage sludge is pyrolysed can contain various compounds,
including water, around 30-40 wt.%. [224] In a study conducted by Marek [226] (200-850 °C), the
organic condensable gas was composed of aliphatic hydrocarbons (34.7 wt.%), aromatic hydrocar-
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bons (17.8 wt.%), amines and nitriles (9.4 wt.%) and aldehydes, alcohols and ketons (8.9 wt.%).
The results indicated no significant change in the ratio of the different groups with increased temperature. However, results derived by Gao et al. [225] indicate that temperature does influence the
composition of the condensable gas. Higher temperatures produce more phenols and less alkanes.
They also claim the condensable gas stream to be more complex at lower pyrolysis temperatures.
Important to mention, the pyrolysis in these studies was performed at different heating rates, which
might have affected the results.
The composition of the non-condensable gas is also temperature dependent. According to Inguanzo et al. [224], the non-condensable gas mainly consists of: CO2 , CO, H2 , CX Hy and N2 . The
derived results indicate that increasing the temperature leads to an increase of CO and H2 and a
decrease of CO2 . The maximum yield are shown to be around 450 °C for C2 H4 and C2 H6 , while
600 °C for CH4 . The heating value of the produced gas was proven to be dependent on the heating
rate of the pyrolysis due to variation in the composition. At a heating rate of 5 °C/min, the maximum heating value of the non-condensable gas was reached at a pyrolysis temperature around 455
°C. For the faster heating rate, 60 °C/min, the maximum heating value was reached at a pyrolysis
temperature around 600 °C.
2.4.4.1 Nitrogenous Compounds
The investigation of N conversion during pyrolysis is of importance in order to minimise NOX
emissions. HCN and NH3 are known to be NOX precursors, therefore, it is essential to address the
distribution of these. [230].
Since sewage sludge is heterogeneous, the N in sewage sludge exists in different forms: protein N
(P-N), pyrrole N (N-5), pyridine N (N-6), quaternary N and nitrogen oxides (N-X), where N-6 and
P-N represent 80 % of the total N. Wei et al. [231] investigated the transformation of N in pyrolysis
of sewage sludge and suggested a transformation route for N, see Figure 3.
N-containing gas is mainly formed between 500-800 °C. The amount of N in the sewage sludge
is believed to affect the amount of released N. The release of NH3 -N increases with increasing
pyrolysis temperature and the main release is within the temperature range of 500-700 °C. The
release of HCN-N also increases with increasing pyrolysis temperature, the main release is between
400-600 °C. After 600 °C and up to 800 °C, the emission rate of HCN decreases. In another article
by Wei et al. [232] it is suggested that the distribution of N is affected by several factors, such as
the treatment process of the wastewater and of the sewage sludge, heating rate, atmosphere and the
pressure in the reactor. Consequently, it is difficult to predict the exact composition of N in the gas
stream.
Zhou et al. [233] pyrolysed sewage sludge (300-900 °C, 20 °C/ms, 20 s) where NH3 was initially
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Figure 3: Possible pathway for N during pyrolysis of sewage sludge.
released at 300 °C; this is believed to be due to ammonium salt and labile protein. After 600 °C,
the release of NH3 was constant. There was almost no release of HCN before 600 °C, but it rapidly
increased between 600-900 °C, see Figure 4.

Figure 4: Proposed pathway for N during pyrolysis of sewage
sludge.
2.4.4.2 Sulphuric Compounds
S can be present in sewage sludge as sulphate-S, sulfone-S, aromatic-S, sulphoxide-S, aliphatic-S
and inorganic sulphide-S. [234] Zhang et al. [235] studied the formation of S compounds during
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both conventional and microwave pyrolysis of sewage sludge (100-800 °C, 100 °C/min, 8 min).
The S present in the char decreased during the whole temperature range for conventional pyrolysis.
Pretreating with CaO reduced the amount of H2 S emissions, especially above 500°C. This was also
noticed by Liu et al. [234] (100-500°C, 10 minutes), where the S transformation was affected when
CaO was added to the sewage sludge. Only 1.1-8.3 % of the original S formed gaseous S when
CaO was present compared to 59.9 % when sewage sludge was pyrolysed without CaO. The S
containing emissions were: SO2 , CS2 , COS, C2 H6 S2 , CH4 S and H2 S, where H2 S was the main
emission. Moreover, the pyrolysis temperature was also found to affect the S transformation. The
S in the char was shown to mainly be aromatic and heterocyclic-S.
Folgueras et al. [236] showed that the treatment of sewage sludge affects the formation of S during
pyrolysis. H2 S, COS and SO2 emissions were detected between 190-800°C. If the sewage sludge
was treated with CaO and Fe2 O3 , the formation of COS, SO2 , H2 S, in addition to CO2 and H2
decreased. Moreover, Liu et al. [237] studied pyrolysis of both raw sewage sludge, sludge treated
with CaO and Fe2+ /H2 O2 in addition to a combination of these two additives (100-500°C, residence
time of 10 min). The three treatments resulted in higher S content in the biochar compared to
the raw sewage sludge. The biochar from raw sewage sludge contained 39.2-46.9 % of the S
while a combination of CaO and Fe2+ /H2 O2 resulted in a biochar with >97 % of the S content
in the original feedstock. The amount of S in the biochar decreased with an increasing pyrolysis
temperature. Morgano et al. [238] (450°C and 10 minutes) also received results where the amount
of S in the biochar produced from sewage sludge reached 40 %.
2.4.4.3 Behaviour of Halogens
Sewage sludge contains halogens such as Cl and F in various amounts. Chloride compounds,
produced during incineration, are harmful for the downstream processes since they may cause
corrosion of the equipment at higher temperatures. [238]
Tomasi et al. [238] conducted a study where sewage sludge was pyrolysed at different temperatures
(350, 400, 450 and 500 °C, 10 min) and the distribution of Cl and F in the products was recorded.
The results indicated that Cl compounds were mainly released at temperatures above 450 °C. The
yield of Cl at 500 °C was 67.7 wt.% in the biochar, around 10 wt.% in the condensable gas and the
rest in the non-condensable gas. The Cl found in the non-condensable gas was expected to be in
the form of HCl. Björkman and Strömberg [72] concluded that when biomass is pyrolysed, 20-50
% of the Cl found in the biomass is released at temperatures between 300-400 °C. Furthermore,
30-60 % was left in the biochar at temperatures around 900 °C. Folgueras et al. [236] (ambient to
800 °C, 10 °C/min) concluded that the temperature and inorganic compounds in the sewage sludge,
e.g. CaCl2 and NaCl, has an effect on the production of HCl. Their results showed a peak of the
production of HCl at around 460 °C.
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The results in the study by Tomasi et al. [238] also indicated that the release of F compounds
occurs at higher rates compared to Cl, however, it is highest at temperatures above 450 °C. At 500
°C, 45.7 wt.% of the original F in the sewage sludge was found in the biochar, while the amount of
F in the condensable gas was non-detectable. Therefore, the remaining amount was assumed to be
found in the non-condensable gas, in the form of HF. Worth mentioning is that F compounds was
not presented in the composition of the analysed pyrolysis gas, meaning that the levels may be too
low for detection.
2.4.5 Properties of Biochar
A study by Hossain et al. [239] (300, 400, 500 and 700 °C, 10 °C/min), showed that the temperature
affects the pH of the biochar – higher pyrolysis temperatures produce more alkaline chars. When
pyrolysis was performed at 400 °C, it resulted in an acidic biochar with pH value 4.87 while at 700
°C, it resulted in an alkaline biochar with a pH value of 12. The similar behaviour was observed by
Yuan et al. [240], however, in this study the pH was measured to 7.40 at 400 °C and 8.40 at 700 °C.
Song et al. [241] conducted a study (400-550 °C) where the produced biochar’s pH increased with
temperature and the pH at 400 °C was 7.7-7.8 while at 550 °C it was 9.9-10.0. These results are
in line with [242]. The variation of pH between the studies suggests that the pH of the produced
biochar may depend on the feedstock and the process parameters.
As expected, studies show that char produced from sewage sludge follows the similar pattern as
other biomasses – an increased pyrolysis temperature results in a larger BET surface area. [240,
241] However, the reported areas are small, e.g. 13.3 m2 /g at 550 °C [241], compared to the ones
in biochars produced from biomass. The BET surface area is showed to increase with an increased
pyrolysis temperature up to 550 °C according to Jin et al. [242] (400-600 °C, 1 h). At 550 °C the
specific surface area reached a maximum of 8.45 m2 /g, while it decreased to 5.99 m2 /g at 600 °C.
Inguanzo et al. [224] reported the BET surface area to be 79.6 m2 /g (650 °C, 5 °C/min) and the
porosity increased with temperature.
An additional property of interest is the pore size because it can affect the biochar’s effect on soil
[240]. Yuan et al. [240] found biochar from sewage sludge to mainly have macro- and mesopores.
[224, 240] Furthermore, the results Song et al. [241] presented showed a tendency; the higher
pyrolysis temperature the larger the total pore area of the produced biochar. The authors observed
the surface to contain more micropores in biochar produced at 600 °C.
In the same study by Inguazo et al. [224], the pyrolysis temperature also influences the composition
of the products; different final temperatures result in different compositions of the three products.
An increased temperature results in a biochar with a higher ash content. The results showed that
pyrolysis of sewage sludge reduces the amount of H and O in the solid product, however, the
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amount of C fluctuated. Moreover, Yuan et el. [240] investigated the influence of pyrolysis temperature on the properties of biochar produced from sewage sludge (300, 400, 500, 600 and 700 °C).
It was concluded that performing pyrolysis at 700 °C would be preferable; the produced biochar
had a higher pH value, more developed pore structure, higher concentration of nutrients, except for
N, and lower amounts of dissolved salts. The amount of fixed carbon was lower in the feedstock,
4.6 ± 0.4 %, compared to the biochar, which reached a maximum value of 9.2 ± 0.9 % at 500 °C
and decreased to 7.7 ± 0.7 % at 700 °C.
2.4.6 Metals and Nutrients
Sewage sludge has a complex composition of different compounds such as P, N, organic matter
and heavy metals. The heavy metals in sewage sludge is a result of the human society, it derives
from e.g. run-off water from roads and roofs, wastewater from different industries and domestic
greywater, which is wastewater from households. [243] In order for the produced biochar to be
approved for usage in the agriculture, it is of importance to identify the mobility, solubility and
the fate of heavy metals in soil. [244] One alternative is to remove the heavy metals before the
pyrolysing sewage sludge. This can be accomplished in different ways, for instance by chemical
extraction or bioleaching. However, the removal is considered as difficult and time-consuming.
[245]
Kistler and Wider [246] studied heavy metals when sewage sludge was pyrolysed (350-750 °C, 1
h). The result showed that Cr, Ni, Cu, Pb and Zn retained in the char, at pyrolysis temperatures
up to 750 °C. However, particles containing these metals could be emitted, which is avoided by a
particle collector. Hg evaporated at low temperatures, almost all Hg present in the sewage sludge
had evaporated at 350 °C. Cd on the other hand was retained in the char up to 505 °C and decreased
in the char to around 50 % at 625 °C. Most of the Cd was released to the gas stream at 750 °C. It
is believed that Cd cannot be retained in the char when the temperature is above 600 °C. This is
in line with Wang et al. [247]. The residence time was also shown to affect the amount of Cd, a
higher residence time, at 625 °C, resulted in a lower concentration of Cd in the char. The reactor
type was also reported to affect the release of Cd. Moreover, Kistler and Wider [246] evaluated
the leaching of metals from the char. The char showed an alkaline nature and a high H+ buffer,
which in turn did not result in a significant leaching of the metals. However, in combination with
acids with organic ligands, the leaching might increase. The authors suggest an optimal pyrolysis
temperature of 500-600 °C, where the low boiling heavy metals have been released and the more
stable heavy metals are preserved in the char, yet more immobilised.
Trinh et al. [248] studied the char properties after pyrolysis of sewage sludge (475-600 °C). Above
a temperature of 550 °C, Pb, Zn, Ni, Cu in addition to Co, Sr were retained in the biochar. On
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the contrary, As, Se, Cd and Hg were released. Shao et al. [245] pyrolysed municipal sewage
sludge (550 and 750 °C) and investigated the behaviour of Cu, Zn and Cr. The authors received
similar results as above, the heavy metals studied accumulate in the biochar. Furthermore, a higher
pyrolysis temperature resulted in a higher concentration of heavy metals in the biochar.
Wang et al. [247] (ambient to 700 °C, 15 °C/min, 40 min), suggest that the increment in concentration of heavy metals, Zn, Ni, Cu, Cr and Pb, in the biochar is due to the release of heavy metals
bound to organic matter which then precipitate into the biochar matrix. The leaching of heavy metals from biochar produced through pyrolysis is believed to decrease compared to untreated sewage
sludge. [240, 244, 247] Furthermore, the pH affects the leakage; a high pH decreases the release
of heavy metals. However, extreme pH values, approximately a pH value of 12, may result in an
increase of leakage. This has been reported by Agrafioti et al. [244] (300, 400 and 500 °C, 17
°C/min, 30, 60 and 90 min) and Kistler and Wider [246]. Even though pH influences the release
of heavy metals, the BET surface area could also be an affecting factor. A larger BET surface area
is believed to obstruct the leakage. [249]
Yuan et al. [250] studied the composition of nutrients, more specifically N, P and K, in biochar
from sewage sludge (300, 400, 500, 600 and 700 °C). At 300 °C, 96.92 % of the N was found in
the biochar. A reduction of 50 % of the N content was reported when the pyrolysis temperature
was 400 °C. It is suggested that N is emitted in the form of e.g. NH3 , N2 and HCN. Some of the N
was found in the condensable gas. The water-soluble N in the biochar decreased with an increased
pyrolysis temperature, which is due to the decomposition of NH4 + and NO3 - . In contrary, the level
of P and water-soluble PO4 -3 increased when the pyrolysis temperature increased. This might
be a result of the stability of P. Moreover, the amount of K increased with increasing pyrolysis
temperature. Parts of the K evaporated when the temperature increased, resulting in a decrease
of K in the biochar. The water-soluble K decreased with increasing temperature. Liu et al. [251]
investigated biochar produced from sewage sludge (450°C, 5°C/min, 30 min). They found the
N content and the available N content to decrease while the K, available K, P and available P
content increased in the biochar. Hossain et al. [239] reported a decrease of N content in the
biochar when the pyrolysis temperature increased, a reduction of 55 % going from 300 °C to 700
°C was found. This decrease of N is due to the volatilisation and loss of NO3 -N and NH4 -N. These
two compounds are the main source for plant uptake and the loss of these affects the amount of
available N. The concentration of K and P increased as in previously studies. Other nutrients were
also investigated; with an increasing pyrolysis temperature, Fe, Ca, Mg and Zn increased while
the Cu concentration was more or less stable up to 400 °C. The Cu concentration was reported to
increase when higher temperatures were reached. The only significant variation of S was a increase
between 400 °C and 500 °C.
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The results from these studies indicate that the amount of nutrients in the biochar depends especially on the pyrolysis temperature. In addition, pyrolysis of sewage sludge results in an increase
of K and P while a decrease of N in the biochar.
2.4.7 Other Hazardous Compounds
The behaviour of dioxins, PAH, PFAS and pharmaceuticals during pyrolysis of sewage sludge is
presented below.
2.4.7.1 Dioxins
There is limited research on the formation of dioxins during slow pyrolysis of sewage sludge. Hale
et al. [186] found the level of dioxin in biochar to be less than the Swedish guidelines values.
Conesa et al. [252] investigated emissions from pyrolysis of several wastes, i.e. two different
sewage sludge, under various pyrolysis temperatures (450-1050 °C, 7 s at 450 °C and 3 s at 1050
°C). Dioxins were reported to be present both in the raw sewage sludge and after pyrolysis at 850
°C. The lack of O2 in the process was considered to obstruct the formation of dioxins. Nonetheless,
the presence of dioxins in the biochar may be due to the original dioxin content, the formation
of dioxins from oxidised precursors not requiring additional O2 and/or the formation of dioxins
caused by reactions with O2 in the inlet stream.
2.4.7.2 Polycyclic Aromatic Hydrocarbon
Zielińska and Oleszczuk [253] studied the PAH content in sewage sludge and biochar produced
from sewage sludge through slow pyrolysis (500, 600 and 700 °C, 25 °C/min, 5 h). An increased
content of Cfree PAH, which refers to the available PAH, was observed in the biochar with higher
specific surface area. The most common PAH in the sewage sludge was 3-ring PAH, which represented almost 50 %. The biochar had less Cfree PAH than the sewage sludge and 3-ring PAH was
most common. An increased pyrolysis temperature, from 500°C to 700°C, decreased the content
of Cfree PAH in the biochar. In correlation, if the H/C ratio decreases, the Cfree PAH decreases.
Zielińska and Oleszczuk [253] explained the low H/C ratio to indicate a more aromatic surface,
which binds PAH more strongly, hence decreasing the free PAH. Higher hydrophobicity of the
biochar resulted in a lower amount of Cfree PAH. The degree of hydrophobicity can be related to
the O/C ratio. Other articles achieved similar results, the PAH concentration in the biochar was
reported as lower in comparison to the sewage sludge. [186, 254, 255]
One possible explanation for the decrease of PAH in biochar is the decomposition of PAH when
high temperatures are applied. High temperatures enable the decomposition of PAH and the release
to the gas stream. However, it is also possible that PAH is adsorbed into the pores or on the surface
of the biochar. [253] Furthermore studies indicate that the bioavailability of PAH is lower for
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biochar than for sewage sludge. [185, 254]
In the study by Conesa et al. [252], high emission of PAH, especially naphthalene was observed
at 850 °C. Dai et al. [256] studied 16 PAHs, which are considered as the priority pollutants by
United States Environmental Protection Agency, during pyrolysis of dry sewage sludge (250-1250
°C, 30 min). The emissions of PAH increased with temperature and a peak was reached at 950 °C.
Moreover, PAHs with low molecular weight, two or three rings, were released earlier than PAHs
with higher molecular weight, five or six rings. The TEQ of the emissions peaked at 1150 °C. The
sample mass also affected the emissions of PAH; increasing the mass from 1 to 4 g resulted in an
increase of PAH emissions, however increasing the mass from 0.1 to 1 g resulted in a decrease.
The effect of the gas residence time was also tested, from 2 to 16 seconds, the release of PAHs
increased up until 10 seconds, after that it declined. The gas flow was also shown to affect the
release. In general, the release of PAH decreased when the gas flow was increased. Overall, the
parameter said to affect the emissions of PAH the most is the pyrolysis temperature.
2.4.7.3 Per- and Polyfluoroalkylated Substances
According to the report 6709 by Swedish Environmental Protection Agency [257], wastewater
treatment and waste treatment plants are two significant point sources for the release of PFAS
into the environment. It is estimated that on average, about 70 kg/year of PFAS is emitted from
wastewater treatment plants through the water and 5 kg/year through sewage sludge. Additionally,
it is claimed that an increase of PFAS in the wastewater has occurred since 2009. However, the
amount in the sewage sludge has slightly decreased over the course of almost ten years, from 20042013. In the report it is mentioned that regulations on the allowed PFAS-levels in sewage sludge
distributed on farmland are under investigation.
In a report from 2004 by the Nordic Counsel of Ministers [258] on the levels of PFAS in the
Nordic countries, the results showed that the levels of PFAS in Swedish sewage sludge varied
between 168-3793 pg/g (wet weight).
There is limited data on the effect of pyrolysis on PFAS and if it is a viable destruction method.
Combustion above 1100 °C on the other hand, has been suggested as a destruction method of
PFAS, generating CO2 and HF. [93] However, at temperatures lower than that, no information has
been found regarding the reactions of PFAS.
Wang et al. [259] investigated the possibility to mineralise PFAS into CaF2 , which is environmental friendly, by adding Ca compounds before thermal treatment of waste (15 min). By mineralising
PFAS, the production of harmful gases from PFAS is reduced. Therefore, mineralisation is considered an interesting option for minimising the production of perfluorocarbon in gas form during
thermal treatment of waste. Based on the derived results, it is concluded that PFAS in waste can be
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mineralised, with the addition of Ca(OH)2 , if the pyrolysis temperature is above 350 °C. Another
suggestion for treating PFAS is by γ-radiation, upon PFAS is mineralised. [260]
A critical review was conducted by Kucharzyk et al. [261] on novel treatment technologies for
removal of PFAS compounds from groundwater. In the review, the authors discuss both in situ
as well as ex situ methods and mention that some of them, such as sonochemistry, photolysis and
bioremediation, are promising. However, as these methods are applied for removal of PFAS from
groundwater, research is necessary to investigate if these methods are applicable for sewage sludge
as well.
2.4.7.4 Pharmaceuticals
One important group of chemicals in sewage sludge is pharmaceuticals and personal care products
(PPCP). PPCP regards chemicals used for human and veterinary applications, both prescribed
and non-prescribed. There are multiple chemicals of this type and these are associated with nonregulated chemicals. [262] Unfortunately, some of the unused pharmaceuticals are disposed in the
sink or toilet, ending up in the wastewater. [263] The primary way of the release of PPCP to the
environment is through the wastewater treatment. The decomposition of pharmaceutically active
compounds is not always completed in a wastewater treatment plant resulting in the presence of
PPCP in surface water and in sewage sludge. [264] Currently, the disposal PPCP is not regulated.
If the PPCPs enter the environment it can affect the wildlife; e.g. the propagation of reproduction
in fish has been shown to decrease due to exposure of a certain drug. Additionally, the resistance
to antibiotics is also of concern. [265]
The complexity of the PPCPs complicates the mapping of the transportation, degradation and
the toxicity of these chemicals. The amount of PPCPs in sewage sludge depends on different
parameters such as the influent composition, the operating parameters of the wastewater treatment;
hydraulic time, sludge retention time and certain properties of the PPCP compound. The possibility
of removing PPCP in the treatment of sewage sludge is unknown, apart from anaerobic digestion,
which removes some of the compounds. [266]
Ross et al. [267] investigated the effect of pyrolysis on microconstituents, i.e. biosolids with traces
of chemicals, in particular triclosan (TCS), triclocarban (TCC) and nonylphenol (NP) (100-600
°C, 500 °C for 2.5, 5, 10 and 60 min). The results showed a decrease of the three components in
the biochar when the temperature increased. TCS had decreased to below the quantification limit
in the biochar at 300 °C, and TCC at 200 °C. NP decreased to below the limit at a temperature of
500-600 °C. The residence time was also shown to affect the removal. After 5 min, at 500 °C, both
TCC and TCS were under the limit, however NP was still present in the biochar after 60 min.
The University of York in collaboration with PyroPure [268] studied the effect of pyrolysis in
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combination with gasification on pharmaceuticals. They tested 17 different pharmaceuticals, where
14 of these are the most thermally stable. Ten of the tested pharmaceuticals were destroyed up to
99 %, while seven of the pharmaceuticals were destroyed to 94 %. This indicates that pyrolysis
can be an effective way to remove pharmaceuticals in sewage sludge.
A detailed study by Tarpani et al. [266] investigated different sewage sludge treatment, specifically
regarding PPCP. The results showed that PPCPs were completely removed when pyrolysis was
performed. According to El-Haggar and Salah [269], pyrolysis is an effective way of treating
pharmaceutical waste, at high temperatures. Filippis et al. [270] also concluded that pyrolysis
(650 °C, 90 °C/min, 17 min) of pharmaceutical waste is a possible treatment for the reduction of
hazardous materials, at least up to 60 %. Even though there is limited research regarding these
substances of concern in biochar from pyrolysis, the pyrolysis process is believed to result in a
reduced toxicity when comparing biochar with sewage sludge. [271]
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3

Experimental Section

The experimental section is divided into two parts, the first part includes the laboratory work and
the second part includes the trials at the pilot plant in Högdalen.

3.1

Laboratory Material and Method

In order to perform TGA, drying of the feedstocks was necessary. Characterisation of the biochar
was also performed using BET method, SEM and XRD.
3.1.1 Material
The digested sewage sludge was collected at Henriksdal wastewater treatment plant. Horse manure
with wood shaving as bedding was collected at Swartlings Ridskola (riding school). The milled
garden waste was collected from the garden waste disposal in Högdalen and it mainly consisted
of shredded Christmas trees. The peat was provided by Neova and extracted at Omberg. The
straw pellets were provided by Laga Bioenergi AB and usually contain wheat, barley, oat and
rye, originating in southern Halland. The horse manure, garden waste and sewage sludge were
collected February 2018. The feedstocks are shown in Figure 5.

Figure 5: The feedstocks, peat, horse manure, straw pellets, sewage
sludge and garden waste.

3.1.2 Drying
To calculate the moisture content, the feedstocks were weighed before and after drying at 105 °C
for 24 h. The horse manure was stored in a plastic bag for 8 days before dried. The sewage sludge
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and peat were dried the same day as collected. The milled garden waste was stored in a plastic
container until further analysis. The samples were stored in a plastic container until milling.
3.1.3 TGA
Horse manure, straw pellets and sewage sludge were milled (OBH Nordica 2393 Coffee Mill)
approximately one min. The peat was first crushed with a hammer before processed in the mill.
To achieve a well-distributed sample, woody components of the peat were milled an extra time to
reduce the size.
The shredded garden waste was milled (K-Kvarn BAHS-30, Kamas industri AB). To minimise
contamination from other feedstocks, at least 10 L of garden waste was milled before milling the
actual waste used as sample. To reduce the size further, the garden waste was milled a second time
(OBH Nordica 2393 Coffee Mill).
The samples were sieved with three sieves: 1 mm, 0.2 mm and 0.125 mm. The particles with a
diameter <0.125 mm were collected and used for the TGA. An example of a milled and sieved
sample is seen in Figure 6.

Figure 6: Milled and sieved garden waste with the size of 1 mm, 0.2
mm and 0.125 mm.

The values for the different parameters when performing TGA were chosen based on previous research on TGA of peat [272], straw [273–275], horse manure [276,277], sewage sludge [248,278–
283] and garden waste [284]. In these studies, TGA was performed using different parameters.
However, to enable a comparison of the TGA results, the same operating parameters were used for
all feedstocks.
TGA was performed using a TGA/DSC instrument (Netzsch STA 449 F3 Jupiter). Each sample
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was weighed to 15.0 ± 0.3 mg. The N2 flow was chosen to 50 ml/min. To ensure that the sample
was dry before starting the analysis, the temperature was increased with 30 °C/min to 110 °C and
kept constant for 30 min. Thereafter, the temperature was increased with 20 °C/min to a final
temperature of 900 °C. The final temperature was maintained for 10 min. The temperature was
then lowered to 550 °C and the sample was combusted for 40 min. The flow of combustion air was
set to 50 ml/min. Each feedstock was analysed three times to obtain reproducible results. A run
with a blank was completed. A DTG was conducted from the TGA.
3.1.4 Characterisation of Biochar
The biochar samples were dried at 40 °C for 24 h before BET analysis (ASAP 2000, Micromeritics). The choice of drying temperature and keeping the sample uncrushed is recommended by
EBC [125]. Degassing was performed at a temperature of 200 °C and the time required varied for
each sample, around 4-12 hours. The BET analysis was performed using N2 at -195.8 °C. To recalculate the actual BET surface area the BET equation, Eq. (15) in Apendix 1.5.2, was used. The
partial range, p/p0 , was chosen to be approximately 0.06 to 0.3. One example of the re-calculation
is shown in Appendix D. The biochars were analysed twice.
Three biochar samples from straw pellets, peat and garden waste were dried at 40 °C for 24 h.
Crushed and uncrushed samples were analysed using SEM (ZEISS, Ultra 55). A copper tape and
2.00 kV were applied.
Biochar produced from peat and straw pellets was dried, milled and sieved through a 0.2 mm sieve.
The samples were analysed with XRD (Siemens Diffractometer D5000) between 5-90 degrees.
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3.2

Test Runs at Högdalen Pilot Plant

In this section, the pilot plant at Högdalen is described including the requirements and limitations
of the plant in addition to the experimental procedure.
3.2.1 Description of the Plant
The pilot plant produces biochar by continuous slow pyrolysis of garden waste. The plant is a
PYREG 500 system constructed by PYREG, a German company, which has designed the process for pyrolysis of biomass. The PYREG process is depicted in Figure 7 and consists of six
major parts; feeding system, screw reactors, combustion chamber, quenching, heat recovery and
stack. Both the process, the storage of feedstock as well as produced biochar are situated outdoors.
The details of the process during normal operation, presented below, are acquired from PYREG’s
website [285], the project manager, Mattias Gustafsson, and operator, Björn Hallgren.

Figure 7: The process at Högdalen.

The feeding system consists of mainly five parts; storage tank, daily container, feeding screws,
entry hoppers and rotary valves. The storage tank of the process is filled once a day and the
feedstock is transported to the daily container by a screw. A sieve placed on the top of the container
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allows only particles <30 mm to enter. A rotating scrape at the bottom of the daily container feeds
the feeding screws, which transport the feed from the container to the two entry hoppers. The feed
enters the rotary valves which prevent air from entering the reactors.
In the reactors, the feedstock is heated, dried and pyrolysed at a final temperature of 700 °C.
The temperature is measured at the end of each screw reactor. The residence time in the reactors is
estimated to be approximately 20-30 min. Two streams exit the reactors, pyrolysis gas and biochar.
The biochar is transported to the quenching where water is added - both to lower the temperature
to approximately 50 °C and to increase its moisture content to 30 wt.%. The pyrolysis gas passes
a cyclone followed by combustion at 960 °C in a combustion chamber. The particles in the flue
gas are separated in a second cyclone and the flue gas is directed back into the outer mantle of
the screw reactors for indirect heating. After passing the screw reactors, heat from the flue gas is
recovered in three heat exchangers. The flue gas exits the stack with a temperature of around 80
°C. The pilot plant is connected to the district heating network.
Normally, the process is operated six days per week, allowing for one day of weekly service. To
initiate the process, liquified petrolium gas (LPG) is used until the temperature in the combustion
chamber reaches the wanted temperature. The process in Högdalen consumes 1400 tonnes garden
waste and produces approximately 300 tonnes of biochar per year.
3.2.1.1 Process Requirements and Limitations
In order for the process to run properly, there are some requirements regarding the feedstock. The
particle size should not oversee 30 mm and when particles greater in size enter the system, this
often results in clogging of the sieve, feeding screws and rotary valves. Larger particles also have
a slower heat transfer and thereby require a longer carbonisation process in order to reach the
same degree of carbonisation. Moreover, the moisture content of the feedstock should not oversee
50 wt.%. If the moisture content is too high, the carbonisation time is shortened due to longer
drying time and the energy content of the pyrolysis gas is decreased. To achieve a high enough
temperature in the flue gas, the energy density of the feedstock must be at least 10 MJ/kg. However,
too high energy density might result in too high temperatures in the reactors and damage of the
process material. The process is considered a 500 kW plant.
The process consists of certain limits and if these are exceeded, the process shuts down. When this
occurs, the feeding of new material stops, however, the processes continue to discharge material
and the temperature as well as the pressure decrease. The stack has a temperature limit of 120
°C and a pressure limit of 7500 Pa. If the temperature in the pyrolysis reactors exceed 800 °C,
the process shuts down. Other types of limitations are minimum temperatures in the reactors and
the combustion chamber. The feeding of material automatically starts when the temperature in the
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reactors is above 300 °C and stops if the temperature in the combustion chamber is below 750 °C.
If the temperature in the combustion chamber is below 750 °C, the flow of LPG is switched on to
increase the temperature.
3.2.1.2 Process Related Problems
Since the process in Högdalen is a pilot plant, some problems and obstacles have emerged requiring
consideration. The quenching requires continuous monitoring as the biochar can still be warm
enough to autoignite, which has happened three times. Soot formation occurs regularly and it
is scraped off manually, which reduces the time for running the process. The material of the
process has also been affected by the high temperatures and as a consequence, replacement of the
equipment or change in type of equipment material has been necessary. The control of moisture
content of the feedstock is limited since the storage is outdoors. Lastly, the feeding system contains
a sharp bend which causes clogging.
3.2.2 Experimental Procedure
The tests at Högdalen lasted for five weeks during which peat and straw pellets were pyrolysed.
Before starting the test runs, a risk assessment was completed and it is found in Appendix F.
The intention was to produce biochars from both peat and straw pellets at various temperatures
to evaluate its effect on the biochar. For straw pellets, the maximum temperature was chosen to
around 550 °C based on results from previous studies, see section 2.2, and the TGA which showed
that above this the mass loss rate is low.
Both the peat and straw pellets were stored in bags outside, however, straw pellets were stored
underneath a tarpaulin. The moisture content of the feedstocks was measured (Wile Bio Moisture)
by placing the apparatus at multiple places in the bags. The feedstock was added to the daily
container instead of into the storage tank in order to remove possible obstacles with the feeding
system. Loading directly into the daily container removed the use of the sieve, however, it required
frequent loading due to limited storage capacity. None of the feedstocks were pretreated.
The four parameters changed during the experiments were the cycle time of the feeding screws and
the pyrolysis reactors, the quenching as well as the flow of LPG. Each cycle consists of idle time
and on time. Both the feeding screw and the pyrolysis reactors are divided into three programs,
going from C to A to B. The on-time changes when switching programs. The quenching is divided
into spraying time and idle time. The quenching of the biochar produced from both peat and
straw pellets were changed continuously based on the temperature of the exiting biochar. A longer
quenching time was used when the temperature of the biochar was higher than approximately 40
°C. Additionally, modifications were made if the biochar was too wet or dry. The flow of LPG
into the process was controlled while running. When the temperature in the combustion chamber
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and stack were too high, the flow of LPG was manually shut off to keep the temperature in a
controllable interval, due to process limitations. This was done multiple times when operating peat
and only a few times when operating straw pellets.
The test period began with using 1200 kg of peat as a feedstock. The peat was used in two rounds,
one with peat nuggets and one with meddle sized peat (Swedish: styckestorv). The middle sized
peat consisted of smaller parts and powder. The rate of the feeding screws was at first set to the
feeding rate used for garden waste. Thereafter, the cycle time of the programs was changed several
times. It was managed to stabilise the process at 600 °C when all the programs were set to 1.0 s
on-time of a 5 s cycle time.
During the second part of the test period, around 850 kg of straw pellets were pyrolysed. It was
concluded from the literature that pyrolysis of straw pellets should preferably not exceed a temperature of 550 °C. Because of this, during heating of the reactors, the flow of LPG was shut down
manually when the temperature in the combustion chamber exceeded 800 °C. The cycle time of the
feeding screws were initially changed to the same as peat, however, it was changed several times.
The optimal on-time was found to be between 0.1-0.2 s and the cycle time was kept the same, 5 s.
With an on-time of 0.2 s, the combustion chamber managed to stay above 750 °C. However, when
the time was set to 0.1 s, the temperature in the combustion chamber decreased and occasionally,
addition of LPG was required to maintain the temperature above 750 °C. The programs of the
pyrolysis reactors were increased from 1.9 s, used when pyrolysing garden waste, to 3-4 s on-time
and 6 s cycle time for straw pellets.
Biochar from middle sized peat was collected at 600 °C. The temperatures inside the reactors were
stable and differed <10 °C. Biochar from peat nuggets was collected at around 500-600 °C. A try
was completed to produce biochar at 450 °C from middle sized peat without any success. Biochar
from straw pellets was collected when the temperature in the reactors was around 490-520 °C. The
produced biochar as well as peat nuggets and straw pellets were sent for external analysis (BELAB
AB). The following were analysed: proximate and ultimate analysis, metals, calorific values, pH,
PAH (only in the biochar) and Cs-137 (in one biochar sample from peat).
The flue gas produced when pyrolysing straw pellets were analysed 2 x 1 h by an external company (METLAB Miljö AB). Operating conditions during analysis are depicted in Table 3. In this
analysis, the following were measured: moisture and particle content, temperature, flow, O2 , CO2 ,
CO, NOX , total organic carbon (TOC) as propan, HCl and SOX . The flue gas was not analysed for
peat due to continuous use of LPG.
Throughout the experiments at Högdalen, certain measures and actions were taken. The pressure gauges were calibrated to minimise the pressure difference between the reactors. One of the
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Table 3: Operating conditions during flue gas analysis.
Operating condition
Average temperature of screw reactors (°C)
Average temperature of combustion chamber (°C)

Run 1

Run 2

536
763

545
800

thermocouple was investigated due to high and unexpected temperatures, however, no error was
found. The stack and the connecting pipes were cleaned due to clogging. One of the pipes of the
quenching system was exchanged due to leakage of water. The pipes close to the quenching were
overheated twice, therefore, manual cooling using a hose was required.
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4

Results and Discussion

In this section, the results from the analysis of feedstock, biochar and flue gases are presented and
discussed. Process related results from the test runs at the pilot plant in Högdalen are also included.

4.1

Proximate Analysis

A proximate analysis was performed from the received results; the moisture content of the feedstocks was calculated from the drying and the fixed carbon, volatiles, moisture and ash content
were derived from the TGA. The values shown in Table 4 are the mean value of three runs for each
feedstock.
The moisture content of the feedstocks is in line with the literature, see Appendix A and sewage
sludge has the highest value. The ash content of four out of five species is lower than 20 %, which
suggests that pyrolysis of these will result in an increase of fixed carbon, see section 1.3.7. As the
amount of ash in sewage sludge is high and above 20 %, further research is required to investigate
the properties of a biochar produced from this sewage sludge. Additionally, sewage sludge also
contains a low amount of fixed carbon, suggesting that a high concentration of fixed carbon in a
biochar is unlikely. The amount of fixed carbon in horse manure is close to the one of garden
waste, which might be due to its bedding content. It is possible to produce biochar from garden
waste, therefore, it should be possible to produce biochar from horse manure. However, the ash
content in horse manure is higher, which could obstruct this claim.
Table 4: Proximate analysis derived from TGA and drying.
Proximate Analysis
(wt.%)
Moisture content
Ash (db)
Volatiles (db)
Fixed carbon (db)

Peat
nuggets

Horse
manure

Straw
pellets

Sewage
sludge

Garden
waste

48
5
64
31

64
16
63
21

11
9
72
19

73
41
53
6

47
9
69
22
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4.2

TGA and DTG

The TGA of the five feedstocks allowed for the analysis of the temperature dependence of the
mass loss. A TGA and DTG curve for each feedstock is presented below. Figures including all
three curves for each feedstock are included in Appendix G. The three curves for straw pellets and
horse manure respectively, in Appendix G, coincide throughout the whole temperature interval,
while the remaining three samples have one curve that deviates slightly. This can be explained as a
consequence of sampling errors or variations in composition of the sample. As the feedstocks were
heterogeneous, the error of a non-representative sample was counteracted by manually choosing
components of various sizes and types when milling. However, different parts of the samples
might be milled easier, therefore, when sieving it was shown that some components, such as dry
plant parts in peat, tended to remain in the top sieve while other components, more easily milled,
were found in the bottom sieve. Consequently, the following TGA are indications on the thermal
degradation of each feedstock, however, the results are not necessarily representative of the whole
feedstock.
4.2.1 Peat Nuggets
The mass loss of peat nuggets between 100-200 °C is small, see Figure 8. At around 200 °C, the
mass loss increases and the highest rate is around 300 °C. Above 360 °C, the mass loss decreases
slowly, similar to an exponential decrease.

Figure 8: Results from TGA and DTG of peat nuggets.
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There are two articles [286, 287] which include TGA of peat and the presented TGA curves are
similar to the one in this report. In these studies, peat has a higher mass loss rate at temperatures
around 250-370 °C and that the rate decreases slowly at higher temperatures. Chen et al. [287]
claims that the slower mass loss is due to that the decomposition of organic material is finishing.
Additionally, the decomposition of minerals accounts for the mass loss at temperatures above 600
°C. Purmalis et al. [288] performed TGA on peat and found the depth of the collected peat to affect
the behaviour of the mass loss when heated. Moreover, the peat samples differed in composition
which also affected the outcome. This implies that the peat tested in this report most certainly will
behave differently compared to other studies. Variations in composition could be of importance
when designing a plant for pyrolysis of peat.
4.2.2 Straw Pellets
As seen in Figure 9, the mass loss of straw pellets between 100-220 °C is small. At around 220 °C,
the mass loss increases and the highest rate is around 300 °C. The mass loss rate between 330-500
°C is less, however, over 500 °C the mass loss rate is small causing the mass loss to level out
slowly.

Figure 9: Results from TGA and DTG of straw pellets.

The TGA curve derived in this study has a similar pattern to the one derived in previous studies. [289, 290] Lazdovica et al. [290] suggest that the mass loss between 200-450 °C is due to
degradation of cellulose, hemicellulose, extractives and lignin. At this temperature interval, the
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maximum mass loss rate is at 323 °C. At temperatures higher than 450 °C, lignin and residues are
charred.
In a study where the DTG was derived from TGA of wheat straw, the curve was dissimilar to the
one in this report due to that the maximum mass loss rate was at 372 °C, otherwise the curves
follow a similar pattern. [291] This could be due to different types of tested straw.
4.2.3 Horse Manure
As depicted in Figure 10, the mass loss of horse manure between 100-200 °C is small. At around
220 °C, the mass loss increases and the highest rate is between 300 °C. The mass loss rate above
450 °C is small and nearly constant, the mass loss levels out slowly. This indicates that increasing
the pyrolysis temperature further than 500 °C results in a small decrease of mass.

Figure 10: Results from TGA and DTG of horse manure.

It is observed that the TGA results are in line with previous studies. [191, 292] Nanda et al. [292]
claim the thermal decomposition of the horse manure was initialised at temperatures around 220
°C, and the highest mass loss rate was between temperatures of 240-360 °C. This mass loss is
accounted by the loss of volatiles and moisture. At temperatures between 350-500 °C, the mass
loss rate decreased.
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4.2.4 Sewage Sludge
As seen in Figure 11, the mass loss of sewage sludge is initiated early. The highest rate is found
around 260-340 °C. In contrary to the other feedstocks, the mass loss does not reach a plateau
at higher temperatures, instead it increases slightly at temperatures around 800-900 °C. It is also
shown in the DTG curve that the mass loss of sewage sludge deviates from the remaining feedstocks, due to fluctuations. The other DTG curves almost reach zero at higher temperatures, which
is not the case with sewage sludge.
Similar results were derived in previous studies [223, 226, 280, 283] In these studies the highest
mass loss rate was observed around 330 °C. The increase of mass loss rate at temperatures higher
than about 800 °C was also observed. Shao et al. [280] divided the TGA curve into two stages, the
first one between 150-380 °C and the second between 380-550 °C. The authors suggest the mass
loss in the first stage is probably due to the depolymerisation reactions and in the second stage due
to further reactions of volatile matter.
One difference of the TGA in this report compared to previous studies is the total mass loss at
the final temperature. As seen in Figure 11, a mass loss of 50 wt.% was observed while previous
studies report other values, about 40-55 wt.%. This difference might be explained by a higher ash
content in the sewage sludge or sampling errors.

Figure 11: Results from TGA and DTG of sewage sludge.
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4.2.5 Garden Waste
As seen in Figure 12, the mass loss of garden waste between 100-200 °C is small. At around 200
°C, the mass loss increases and the maximum mass loss rate is around 320 °C. Above 320 °C, the
mass loss rate decreases and becomes more or less constant at 500 °C. Thereafter, the mass loss
decreases slowly, however, a small peak is visible around 700 °C. This is probably related to the
decomposition of lignin, see section 1.2.3.

Figure 12: Results from TGA and DTG of garden waste.

The results of the TGA are in line with the results derived by Grønli et al. [293] where TGA of
different species of softwood and hardwood was performed. The curves of the species differed
slightly, however, they follow the same pattern.
4.2.6 Comparison of the TGA Results of the Five Feedstocks
In Figure 13, five curves from the TGA, one for each feedstock, are depicted. As seen, the feedstocks behave differently when treated thermally. A small decrease of mass around 3-4 wt.% at
105 °C can be observed for all five feedstocks. This mass loss was probably due to evaporation of
water absorbed during storage.
At the final temperature, the total mass loss of all feedstocks differs. Straw had the highest mass
loss at the final temperature followed by garden waste, horse manure, peat nuggets and sewage
sludge. The reason sewage sludge has a smaller mass loss compared to the other feedstocks might
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be due to that sewage sludge contains a higher amount of ash, see Table 4. Differences in mass
loss indicate that the feedstocks require different pyrolysis temperatures in order to reach the same
level of carbonisation, if even possible.
Moreover, the mass loss rate is the highest between 220-400 °C for all the feedstocks. The difference of mass loss rate is seen in the DTG curves of the five feedstocks; straw has a mass loss rate
which is the highest, followed by horse manure, garden waste, peat and lastly sewage sludge. Even
at 400-500 °C the mass loss rate varies. Choosing a pyrolysis temperature within an interval where
the mass loss rate is high is not preferable due to instability. In a plant where the process temperature might not be constant or easily controlled, potential shifts in temperature at this interval will
consequently result in variations of product quality.
A larger mass, than the one used for the TGA in this report, might also affect the mass loss.
Previous studies show that a larger mass of the sample often shifts the mass loss towards higher
temperatures. This is important to take into consideration when designing a plant since it indicates
that a higher pyrolysis temperature is required in a plant to reach the same level of carbonisation.
By observing the proximate analysis of straw pellets and garden waste, see Table 4, these are
similar. Regardless, the behaviour of the feedstocks deviates, which is seen in respective TGA
curve. This supports the fact that other properties are important, such as the type of compounds in
the ash, the structure and the amount of cellulose, hemicellulose and lignin.

Figure 13: Results from TGA of all five feedstocks: sewage sludge
(red), peat nuggets (blue), garden waste (green), horse manure (pink)
and straw pellets (black).
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4.3

Analysis of Feedstock and Biochar

In this section, results regarding the feedstock and produced biochar are presented, some of which
are provided by BELAB AB. The biochar from straw pellets is named BC-S, from peat nuggets
BC-P1, from middle sized peat BC-P2 and from garden waste BC-GW. The produced biochar is
considered to be fully carbonised due to its dark colour, which is seen in Figure 14, and that it
has the same colour throughout. This indicates that the pyrolysis time and temperature for peat
and straw pellets were sufficient. In comparison, biochar produced from garden waste has at times
had a non-carbonised core. Biochar from garden waste is also seen in the figure as a comparison.
The texture of the biochars is similar to char - it is brittle. As previous studies show that the bulk
density of the feedstock affects the bulk density of the biochar. The mechanical strength of the
material can also be related to the bulk density, which might be the reason for the difference in
structure and why biochar from straw pellets were more brittle.

Figure 14: Biochar from middle sized peat (left), straw pellets (middle) and garden waste (right).

When comparing feedstock with its biochar, it is shown that the fixed carbon and the ash content
increased while the volatile compounds decreased, see Table 5. This was expected and in line
with trends in previously mentioned studies. However, the results might deviate from previous
work since the operation parameters and feedstock content are different. In the referred studies,
the feedstock consisted of a single type of straw, e.g. rice, wheat and cotton, while in this study the
straw consists of multiple types. The type and content of the peat might also differ.
As seen in the Table 5, the moisture content in the biochars is between 8.8-50.9 wt.%, which is due
to varying quenching time. According to EBC [125], the moisture content has to be specified in
the delivery slip. Moreover, to prevent dust formation when handling, the moisture content should
be satisfactory. The optimal moisture content is not included in the EBC and an investigation is
therefore required to determine the optimal moisture content of the biochar, considering handling,
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transportation and application.
When comparing the fixed carbon of the four biochars it is noted that BC-S has the highest amount
and BC-GW has the lowest. This difference is interesting as garden waste is pyrolysed at 700 °C
during normal operation, therefore, it is expected that the carbonisation is more progressed. An
explanation to the low amount of fixed carbon in BC-GW can be a high ash content in the garden
waste and/or perhaps a lower pyrolysis temperature. As it was not possible to analyse the original
feedstock used for the biochar production, it cannot be concluded whether the high ash content in
BC-GW is a result of high pyrolysis temperature or high ash content in the original feedstock.
Regardless that the ash content in straw pellets is lower compared to peat nuggets, the ash content
in the BC-S is higher compared to BC-P1 and BC-P2. This in combination with a lower volatile
matter in BC-S suggests that straw pellets reached a higher level of carbonisation.
Even though the two biochars from peat were suggested to have been pyrolysed at separate temperatures, by comparing the proximate analysis of BC-P1 and BC-P2, the results indicate that this
might not be the case. Moreover, the proximate analysis on straw pellets and peat, seen in Table 5,
differed compared to the one seen in Table 4. This can be explained as a consequence of variations
in method, storage time of feedstock and sample size.
Table 5: Proximate analysis of straw pellets, peat nuggets and
biochars (BC-S, BC-P1, BC-P2 and BC-GW).
Proximate analysis (wt.%)
Moisture content
Ash (db)
Volatile matter (db)
Fixed carbon (db)

Straw pellets

Peat nuggets

BC-S

BC-P1

BC-P2

BC-GW

9.6
4.0
79.1
16.9

38.8
4.7
65.7
29.6

32.9
16.2
11.5
72.3

8.8
11.6
15.9
72.5

35.3
12.9
16.7
70.4

50.9
28.2
16.1
55.8

The ultimate analysis of feedstock and biochar is depicted in Table 6. In general, the C, N, S and Cl
concentration was higher in the biochar, while the concentration of H and O was lower, compared
to the feedstock. The behaviour of C, H and O was expected and in agreement with previous
studies, see section 1.4.1. The increase of N content shows that not all the fuel-N was released
during pyrolysis which is beneficial if the aim is to use the biochar in soil. However, in that case,
the availability of the N must be investigated. Studies covering the release of S and Cl suggest that
these are released during pyrolysis, however, the presence of S and Cl in the biochar indicates that
not all is released. To be noted, the S content in BC-P1 is lower compared to the peat nuggets, in
contrary to BC-P2. Similar to the proximate analysis, since the ultimate analysis of garden waste
is not provided, it cannot be confirmed if the elements are concentrated or not.
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The elemental composition of the biochar derived in the ultimate analysis from straw pellets is in
line with the produced biochar at the pilot plant in Austria (550 °C). [150] In this study a proximate
analysis was not completed, however, the ash content was 4.7 wt.% (dry basis) at 550 °C. It is not
defined if the straw in the pilot plant was pelletised, which might have an effect.
Table 6: Properties of straw pellets, peat nuggets and biochars.
Properties

Straw pellets

Peat nuggets BC-S

BC-P1 BC-P2

BC-GW

C (wt.% db)
H (wt.% db)
O (wt.% db)
N (wt.% db)
S (wt.% db)
Cl (wt.% db)

47.0
5.9
42.2
0.63
0.088
0.18

54.6
5.3
32.9
1.77
0.752
0.04

76.6
2.1
3.3
0.95
0.205
0.6

80.7
2.4
2.5
2.10
0.612
0.08

79.2
2.5
2.5
2.03
0.898
0.06

63.7
2.4
4.6
0.98
0.046
0.03

H/C (molar ratio)
O/C (molar ratio)

1.5
0.67

1.2
0.45

0.33
0.032

0.36
0.023

0.38
0.024

0.45
0.054

LHV (MJ/kg, ar)
LHV (MJ/kg, db)
LHV (MJ/kg, daf)

15.721
17.649
18.379

11.762
20.766
21.791

17.931
27.920
33.315

26.733 18.035
29.548 29.206
33.421 35.516

10.172
23.247
32.368

7.0

5.0

10.1

8.5

8.3

9.8

-

-

8.26
0.59

1.03
0.03

5.83
0.18

6.14
0.41

pHa
PAH, others (mg/kg, db)
PAH, carcinogenic
(mg/kg, db)
a Not Swedac accredited

The C content requirement defined in the EBC is 50 wt.%, and all of the produced biochars are
above this limit. In EBC, the molar ratios of H/C and O/C are based on Corg and the C content
in this report is not equivalent with Corg , which obstructs direct comparison. Regardless, the C
content and the molar ratio of H/C and O/C pass the limit, i.e. 0.7 and 0.4, with a margin. Enders
et al. [110] claim that if the H/Corg and O/Corg ratio is below 0.4 and 0.2 respectively and the
volatile matter is <80 %, the biochar is considered as stable due to high C sequestration. The
resulted H/C and O/C ratios are below these values, except for H/C of BC-GW, however, since the
C content is not Corg a conclusion cannot be drawn.
However, there are multiple studies that do not report Corg but calculate H/C and O/C and discuss
the results. Due to differences in presentation of data, a problem within this field arises. Studies
on biochar are not consisted with the use of C or Corg which obstructs comparison. This shows
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that a shared definition of biochar and its properties, such as the one provided by EBC or IBI, is
essential.
To visualise the decrease of H/C and O/C ratios, several studies present a Van Krevelen diagram,
and the one created from the derived results is depicted in Figure 15. As seen in the figure, the
ratios decrease as a consequence of carbonisation and the biochars are found in the bottom left
corner, which is in line with a previous study. [2] The decrease of H/C in the biochars compared
to the feedstocks indicate a more aromatic structure. It is also shown that the biochar from garden
waste deviate slightly which could indicate that this biochar is less stable and less aromatic. This
might be due to high moisture content in garden waste, suggesting that the drying time is longer in
the expense of pyrolysis time.

Figure 15: Van Krevelen diagram including the H/C and O/C ratios
of straw pellets, peat nuggets, BC-S, BC-P1, BC-P2 and BC-GW.

As seen in Table 6, the lower heating value (LHV) of the biochar is higher in comparison to the
feedstocks, which was expected. It has been shown that the LHV correlates to the C content of the
biochar. This is confirmed by the results, where the biochar with the highest C content is the one
with the highest LHV. The LHV is of interest when investigating the energy flow in the system.
The pH value changes when the feedstock is pyrolysed. As expected, the produced biochars are
alkaline, which is seen in Table 6. As previous research states, this is due to the increase of
alkalinity [105], high ash content and a low O/C and H/C ratio. [294]. Moreover, the ash content in
the BC-S is higher than BC-P1 and BC-P2. These properties may be the reason for the difference
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in pH between the biochars. The pH of the biochar is an important property if the aim is to apply
it to soil, an alkaline biochar may be beneficial if the soil is too acidic. However, as mentioned
under section 2.4.6, too high pH value of the biochar is not desired as it enhances leakage of heavy
metals.
The amount of PAH and carcinogenic PAH can be studied in Table 6. The PAH concentration is
highest for biochar produced from straw, followed by garden waste and peat. This is in line with
previous studies, see section 2.2.9.2, where it is shown that the amount of PAH tends to be greater
in biochar produced from straw compared to woody materials. The variations of PAH could be due
to original composition or size. Peat nuggets have a smaller size which might enable the release
of PAH. The behaviour of PAH is not straightforward. Studies claim the concentration of PAH to
decrease when increasing the pyrolysis temperature. The concentration is also said to depend on
particle size, reactor unit and size. However, other studies claim the concentration to increase with
temperature. The extrapolation of the results to other feedstocks can be discussed, but one could
conclude that there are contradicting results regarding PAH.
The EBC limit of PAH is 4 mg/kg and 12 mg/kg for premium and basic respectively. All biochars
in this report pass the limit for basic grade but not for premium, only BC-P1 passes the threshold
for premium quality.
4.3.0.1 Metals and Nutrients in Feedstock and Biochars
All heavy metals listed in the EBC were concentrated in the biochar during pyrolysis except for Cd,
regardless of the feedstock, see Table 7. The decrease in concentration of Cd was expected since
previous research show that Cd is released around 500-600 °C. Hg was reported as <0.021-0.023
mg/kg (dry basis), therefore, it is not certain whether the amount decreased or increased during
pyrolysis, even though it was expected to be released at 350 °C. The amount of heavy metals
was higher in the biochar from garden waste in comparison to straw pellets. This was expected
since straw is believed to contain lower amounts of heavy metals compared to woody biomass, see
section 2.2.7. All the values of the heavy metals were lower than the threshold for premium quality
biochar defined by EBC, see Table 1.
The nutrients were also concentrated with temperature, which is seen in Table 7. However, the
concentrations varied. Straw pellets are generally richer in nutrients compared to peat, hence, the
biochar from straw pellets is richer in nutrients, except for Ca. This suggests that biochar from
straw pellets is superior to the one from peat if the aim is to use it as a fertiliser. Regardless,
availability of the nutrients is important and an analysis is necessary to determine which biochar
has the highest concentration of available nutrients.
The results confirmed that straw pellets had the highest amount of K in comparison to peat nuggets,
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Table 7: Metals and nutrients in the feedstocks and biochars.
Species (mg/kg db)

Straw pellets

Peat nuggets

BC-S

BC-P1

BC-P2

BC-GW

Sia
Ca
Mg
K
P

6900
3000
820
11000
650

980
18000
650
<120
200

25000
12000
3000
42000
2200

4600
39000
1500
500
500

3500
40000
1600
360
450

71000
27000
3600
10000
2500

As
Pb
Cd
Cu
Cr
Hg
Ni
Zn
a Not Swedac accredited

<0.053
0.15
0.073
2.0
0.99
<0.022
0.39
17

0.79
0.50
0.036
1.5
0.66
<0.023
1.9
37

0.17
1.5
2.2
0.85
1.3
1.6
0.069 <0.022 <0.021
10
4.3
6.2
2.5
1.5
2.9
<0.021 <0.022 <0.021
2.1
4.7
9.8
86
38
37

2.1
8.6
0.075
27
14
<0.021
9.1
230

see Table 7. The K content in straw pellets is at least two orders of magnitudes higher. The same
difference is found between the respective biochar. The pyrolysis temperature for straw pellets was
chosen based on previous studies to reduce the Cl and K emissions. The concentration of both Cl
and K confirms that these were preserved in the biochar and not all were emitted either as gaseous
compounds or particulates. This was confirmed by the XRD of straw derived biochar, where KCl
was one of the identified crystals, see Appendix E for the XRD graphs.
The feedstock with highest Si content is straw, followed by garden waste and peat, see Appendix
A. It was therefore expected that Si would differ between the feedstocks used in this report and
it is supported by the results, see Table 7. The amount of Si in the biochar from straw pellets
was approximately five to seven times higher than the one in biochar from peat. Surprisingly, the
amount of Si in biochar from garden waste was the highest of the four biochars and about 20 times
higher than the lowest amount detected, BC-P2. As it was not possible to analyse the feedstock
used to produce the specific garden waste biochar, it cannot be concluded if the high amount of Si
is due to pyrolysis temperature, original Si content or the structure of Si in the feedstock.
The amount of Cs-137 in BC-P2 was measured to <13 Bq/kg (dry basis). This amount is smaller
by almost one order of magnitude compared to the maximum amount allowed in ash which is
recirculated, 10 kBq/kg (dry basis). [14] This indicates that peat produced biochar may be used in
soil.
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Results from the XRD indicate that crystalline Si was present in the biochar from straw pellets in
the form of cristobalite and trimidyte, not quartz. Moreover, the XRD revealed that the biochar
from peat was more amorphous than the biochar from straw pellets, see Appendix E, due to more
and intensive peaks.
A further investigation of the biochar is the leachability of the metals and nutrients since concentration and availability are not the only two features of interest for soil application. Even though
it is suggested that heavy metals in the biochar are more immobile compared to the feedstock,
leaching analysis of heavy metals is important to determine if that is the case.
4.3.0.2 Specific Surface Area and Structure of Biochar
The BET surface area of the produced biochar is depicted in Table 8. The BET surface area of
BC-GW has been derived by Stockholm Vatten och Avfall. As seen, the straw produced biochar
had the lowest BET surface area, while the biochar from peat had higher BET surface area. The
BET surface area of BC-P2 varied, which indicates that the area varied within the sample. Interestingly, there is a difference between the BET surface area of the peat biochars, however, it cannot
be determined whether the original size of the feedstock or the pyrolysis temperature is the cause.
The BET surface area of the biochar from straw pellets deviated only slightly between the two runs
which might indicate the biochar has a similar surface throughout. EBC recommends a specific
surface area of at least 150 m2 /g, hence, only BC-P2 has a higher area than the recommendation.
By analysing the BET curves of the isotherm plot (volume adsorbed vs. relative pressure), it was
found that the biochars from peat contained more micropores while biochar from straw pellets contained more macropores or was non-porous. If the BET surface area is essential for the application
of the produced biochar, a higher pyrolysis temperature might be necessary. However, there are
studies on pyrolysis of straw which report a small specific surface area, around 3-85 m2 /g, this
implies that a high area might not be achievable.
Table 8: BET surface area of the biochars.
BET surface area
Run 1 (m2 /g)
Run 2 (m2 /g)

BC-S

BC-P1

BC-P2

BC-GW

21
22

102
103

160
247

212
-

According to Sigmund et al. [136], the temperature of the degassing could affect the results of
the derived BET surface area. They tested the effect of different parameters of BET analysis
of biochar (550 and 700 °C from Miscanthus and softwood). The specific surface area and the
pore volume increased with an increasing degassing temperature, when either N2 or CO2 was
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used. The degassing temperature was shown to affect the biochar produced at a lower pyrolysis
temperature greater than the biochar produced at 700 °C. The authors conclude this to be due to
non-carbonised material present in the biochar, both the size and the composition is believed to
affect. The feedstock was also shown to affect the dependence of the degassing temperature. The
authors propose a degassing temperature of around 100 °C.
Bachmann et al. [137] included the following recommendations when performing BET: to reduce
diffusion limitations, it is recommended that the sample is milled before analysis. The results might
then not represent the actual specific surface area of the biochar when added to soil but it removes
bias. The choice of degassing temperature should be between 100-200 °C to avoid modifications
of the material. The choice of adsorbate has an influence on the surface, however, the authors state
that the results derived from the analysis using N2 and CO2 are complementary. It was concluded
that the partial range, usually 0.05 to 0.3 should be extended to 0.005 to 0.3.
The effect of analysis parameters indicates that the received BET results in this report might not be
comparable with other studies since the degassing temperature, the size, i.e. milled or not milled,
and the chosen medium could affect the specific surface area. This could be one reason to why
these results diverge from other studies, nevertheless, the tested samples can be compared to each
other.
In order to achieve an understanding of the structure and the surface of the biochars, crushed
and uncrushed samples of biochar were analysed using SEM. The images on biochar from peat,
straw pellets and garden waste are shown in Figure 16, 17 and 18 respectively. The SEM images
showed that the uncrushed biochar from peat had clusters and at some places the sample is porous.
An example of a porous surface is depicted in Figure 16. However, porous surfaces were not
abundant. There were cavities in the biochar, visible both in the crushed and uncrushed sample. It
was observed that the structure of the biochar was similar throughout the whole uncrushed sample.
It appears as the structure was not greatly affected by crushing.

Figure 16: SEM pictures of uncrushed, crushed and porous structure
of biochar from peat.
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The uncrushed biochar from straw pellets had another type of structure, it resembled fibers and it
seemed as the original structure of the material was maintained during pyrolysis. As expected from
the derived BET surface area, this biochar contained almost no pores. The surface of the samples
changed when crushed, the biochar surface lost its shape.

Figure 17: SEM pictures of uncrushed and crushed biochar from
straw pellets.

The structure of the surface of the uncrushed biochar from garden waste varied - it changed depending on where the sample was analysed. In the crushed sample, more pores were visible, see
encircled areas in Figure 18, and the structure was different compared to the uncrushed sample.
By observing the SEM images it is concluded that the structure of the biochar depends on the
feedstock. As BET results show that biochar from peat and garden waste contains micropores, the
surface of the samples might be completely different at a nanoscale level which is smaller than
the one shown in these images. Furthermore, the effect of crushing, on the surface of the biochar,
might be related to a low mechanical strength in the material.

Figure 18: SEM pictures of uncrushed, crushed and porous structure
of biochar from garden waste.

4.3.0.3 Further Discussion
A general conclusion after analysing the biochar from peat is that it cannot be ensured that the
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pyrolysis temperature differed between the two biochars. This is partly due to that the values are
close, and that the biochar believed to be pyrolysed at lower temperatures have some properties
proposing the opposite, for instance higher fixed carbon and lower amount of volatile matter. However, a direct comparison is difficult as the size between the feedstocks varied; peat nuggets are
smaller than middle sized peat and might also differ in content. Additionally, since the transport
time from the reactors to the storage bags is unknown, and it varied based on the amount and
properties of the biochar, the exact pyrolysis temperature of the collected biochar is difficult to
determine. This applies for biochar produced from straw pellets as well.
Bachmann et al. [137] conducted an interlaboratory comparison on 38 physical-chemical parameters, such as pH, specific surface area and PAH content, of three different biochars determined by
22 laboratories worldwide. By analysing the results, it was shown that the interlaboratory reproducibility was mostly not good or acceptable. This indicates that laboratories use different methods
for the analysis of biochar, which raises the concern on the comparability of results. Only 2 out
of 38 parameters, namely C and pH, had a good comparability of values. The comparability of
H, P and ash were in the study considered as acceptable while the remaining values varied too
much to be reliable. Therefore, the authors suggest some recommendations for standardisation of
analysis methods. Due to this, it is important to take into consideration that comparing the results
on the properties of biochar with previous studies might be misleading. In addition to this, it is
difficult to compare results from other studies since the feedstock and process conditions might
differ. Consequently, in some cases the presented results are not compared to previous studies.
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4.4

Flue Gas Analysis

The results from the flue gas analysis performed by METLAB Miljö AB are depicted in Table 9 together with results from the flue gas analysis during normal operation with garden waste provided
by Stockholm Vatten och Avfall. Worth mentioning, after the garden waste analysis, the temperature and the flow of combustion air have been changed to reduce NOX emissions. As shown in the
table, several types of compounds were emitted during the test runs. Previous studies show that
precursors to SO2 are formed during pyrolysis, therefore, the release of SO2 was expected. Studies
indicate chlorinated compounds to be released at low pyrolysis temperatures such as 200-500 °C.
This was confirmed by the analysis which showed that that HCl was present in the flue gas. The
amount of emitted HCl, SO2 and H2 O varied between the two runs and the latter had the highest
values. A possible explanation might be the increase of pyrolysis temperature which resulted in
an increased carbonisation and gas yield. During the first run, the LPG was switched on twice to
maintain the wanted temperature in the combustion chamber.
Table 9: Results from flue gas analysis at Högdalen.
Parameter

Run 1

Run 2

Garden waste

Gas flow (m3 /h)
Temperature (°C)
Moisture content (vol.%)
Particlesa (mg/m3 STP)
O2 (vol.%, db)
CO2 (vol.%, db)
COa (mg/m3 STP)
SO2 a (mg/m3 STP)
HCla (mg/m3 STP)
TOCa (mg/m3 STP)
NOX (mg/m3 STP)
a Corrected to 10 vol.% O
2

410
63
12.1
17.7
12.30
8.11
20.7
101
16.3
1.37
505

400
63
12.7
18.0
12.24
8.32
13.6
126
22.0
0.84
492

430
67
25.8
18.6
7.67
12.86
3.8
0.28
378

The moisture content of the flue gas when operating on straw pellets was lower compared to the
one when operating on garden waste. It is suggested that this is due to lower moisture content
in the feedstock. Previous studies discuss that the original moisture in the feedstock ends up in
the pyrolysis gas, therefore, a lower moisture content in the gas is expected when the feedstock
contains less water. The flue gas did not have the same temperature during operation of straw
pellets and garden waste and this difference might also contribute to the lower moisture content of
the flue gas.
The emissions of CO2 were lower when operating straw pellets compared to garden waste. However, the release of CO and TOC was higher for straw pellets. This implies that full combustion
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was not reached. When operating garden waste, the temperature in the combustion chamber usually has a value of 950 °C, while the average temperature when operating straw pellets was 780
°C. This could be one reason to why the amount of TOC was higher - the low temperature might
not be enough for the destruction of hydrocarbons. The amount of O2 was higher when operating
straw pellets, which could indicate that more air was used in the combustion chamber or that the
mass flow of produced pyrolysis gas was lower. The amount of emitted particles was similar when
comparing normal operation with the straw pellets trial. This suggests that the efficiency of the
particle cleaning is the controlling factor for the emission level.
NOX emissions were expected as it has been shown that precursors are formed during pyrolysis.
The emissions of NOX were higher than the threshold for smaller plants which will be applied
in 2020, see Table 10. The NOX emissions were also higher when operating on straw pellets
compared to normal operation. Previous analysis of garden waste shows that it has a higher amount
of N in the original feedstock than straw pellets, hence, this difference cannot solely be due to the
fuel-N. Also, it is said that firing straw results in high NOX emissions, see section 2.2.1. Therefore,
it is suggested that there might be other contributing factors for NOX production, such as the
amount of O2 and hot spots formed in the combustion chamber, enabling thermal-NO2 formation.
Another difference might be the structure and type of nitrogenous compounds in the feedstock
which might affect the release of precursors, see section 2.1.3.1 and 2.3.3.1. To control NOX
emissions in a future plant, it is suggested to analyse the pyrolysis gas to determine the type and
amount of precursors and thereafter design the combustion chamber and downstream processes
accordingly.
Table 10: Results from flue gas analysis at Högdalen with straw
pellets and emission requirements.
Parameter
CO (mg/m3 STP)
NOX (mg/m3 STP)
OGC (TOC) (mg/m3 STP)
Particles (mg/m3 STP)
SO2 (mg/m3 STP)
HCl (mg/m3 STP)

Average value

Requirements

Future requirements

17.1
498
1.10
19.9
114
19.1

500
20
40
-

500
200
20
40
-

It is also observed in Figure 19 that the amount of NOX , as NO2 fluctuated during the run. This
is probably due to fluctuations of temperature in the combustion chamber; when the temperature
of the flue gas increased, the amount of NO2 decreased. The opposite was expected since NOX is
formed at higher temperature, however, some NOX forming reactions might be favoured around
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750 °C. Moreover, in Figure 19, two deviating peaks are observed at 12 h and these are caused by
combustion of LPG which occurred twice.

Figure 19: NO2 (green) vs. temperature of flue gas (red).

During the experiments with straw pellets, the pilot plant was operated with a decreased capacity,
meaning the flow of feedstock, due to process limitations. The general conclusion that can be
drawn from this is that even though the emissions from the process are lower than the thresholds,
except for NOX , it might not be the case if operated at full capacity or with other operating conditions. Additionally, the amount and content of produced emissions might differ in a full scale plant
due to optimisation of the process and flue gas cleaning.
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4.5

Test runs at Högdalen Pilot Plant: Process Perspective

In this section, results and observations from the trial period at the pilot plant are presented. Process
design and future recommendations are also included.
4.5.1 Test Runs With Peat
The moisture content of the peat nuggets and middle sized peat was measured to 26 wt.% and
45 wt.% respectively. However, the moisture content was observed to vary - the middle parts of
the bags were more humid. The moisture content might also have been affected due to outside
storage. It is believed that the delivered peat contained stones. At times, something ”smashed”
in the reactor which according to the operator is stones hitting the equipment. Additionally, other
types of structures were found in the peat which could affect the properties of the biochar.
An observation of the feeding system was that, regardless of the original size of the peat, it was
ground to finer particles by the feeding screws before entering the rotary valves, see Figure 20.
Due to the small size, there was no problem with clogging during feeding. However, problems
with fine particles moving downstream existed. During cleaning of heat exchangers and stack, an
unusual amount of particles was found. Pipes in connection to the stack were clogged and filled
with particles forming a clay-like material.

Figure 20: Peat and straw pellets at the feeding screws.

A major challenge during the test period was to control the temperature in the pyrolysis reactors. The temperatures varied and were seldom stable for a longer time. A try was completed to
understand whether the temperature in the reactors increased with a higher feeding rate or not.
Unfortunately, this was not easily investigated as the temperature of the flue gas entering the reac104

tors varied during the experiments, which obstructed the finding of a correlation between feeding
rate and temperature in the reactors. The flue gas changed in temperature as a consequence of the
LPG being turned on and off continuously to maintain the temperature in the combustion chamber
above 750 °C. When the flow of LPG was shut down, the temperature instantly decreased. It was
therefore concluded that the pyrolysis gas produced from the pyrolysis of peat was not sufficient
to maintain the temperature in the combustion chamber.
The feeding rate of peat was changed multiple times during the experiments. The process was
first run with the same parameters as for garden waste, however, without success. Several feeding
rates were tested with different outcomes. During one start up, when the on-time of the feeding
screw was low, 0.5 s, the temperature inside the reactor rose quickly and the process was difficult
to control. When the feeding rate was high, around 2.0-3.0 s, the most problematic parameter to
control was the temperature in the stack as it increased to 120 °C. When the feeding rate was set to
1.0 s on-time, it resulted in an easier control of the temperature in the reactors, specifically when
the temperature was around 600 °C. However, it was difficult to find the optimal feeding rate to
achieve lower pyrolysis temperatures, such as 450 °C.
At times, the temperature difference between the inlet and outlet gas of the pyrolysis reactor was
small. This indicates a low heat transfer between the flue gas and the reactor. When using garden
waste as a feedstock, the temperature difference has been around 300 °C. The lowest temperature
difference observed, for peat, was around 20 °C or 70 °C, and it was seldom higher than 200 °C.
A speculation is that a layer of dust has been formed on the surface of the reactors obstructing heat
transfer. This can be confirmed during the annual cleaning of the process, unfortunately it was
scheduled after the trial period. Furthermore, when the process is operated using garden waste, the
flue gas exiting the reactors usually has a temperature of 400 °C. Whit peat, this temperature was
around 500-600 °C. In turn, this could be one reason to why the temperature in the stack was high.
Occasionally, the temperatures between the two reactors differed more than 100 °C. This may be
a result of uneven distribution of the flue gas or existing problems with heat transfer, see above.
Due to this, it was difficult to achieve and define a specific operating temperature for the biochar
production. The temperature between the reactors appeared to vary to a greater extent when the
process was started after a longer period of time than after just a few hours. This may indicate that
it is beneficial to have a continuous process.
High temperatures in the reactors were observed and in some cases the temperature in the reactors
was higher than the in and out stream of the flue gas. This was unexpected as during normal
operation, the flue gas into the reactor are warmer compared to the reactor itself. One explanation
is the entry of too much O2 through the rotary valves resulting in combustion instead of pyrolysis.
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Another explanation is a slow cooling rate of the reactors. During one occasion when the reactors
stopped, the temperature in the reactors increased drastically to 900 °C in 10 min. This temperature
increase could be assimilated to a thermal runaway and may be explained by combustion or other
exothermic reactions taking place. As a consequence, the pressure in the system became high
causing flue gas to escape from several points: rotary valve, the conditioning screw valve and at
the quenching.
The quenching required continuous attention since inadequate quenching resulted in high temperatures or problems with material transport. Malfunction of the quenching once resulted in
smouldering/fire and the temperature of the biochar rose to around 160 °C. Differences in moisture
content of the peat produced biochar was observed; it ranged from sticky to powder-like, forming
dust clouds.
It is suggested that sulphuric compounds, such as H2 S, were produced during pyrolysis of peat and
this is supported by the malodorous biochar. The biochar from straw pellets did not have the same
smell and it is concluded that this is due to a lower concentration of S, see Table 6. The emissions
of H2 S from the biochar is problematic as the choice of application might be effected as H2 S is a
harmful gas.
4.5.2 Test Runs With Straw Pellets
The moisture content in the straw pellets was measured to around 13 wt.%. At the discharge from
the feeding screw it was observed that the pellets had not lost their shape noticeably. Hence, in
comparison to peat, the screws did not affect the shape of the pellets to the same extent, see Figure
20. It was verified that the pellets lost their shape when exposed to water and by their appearance it
is concluded that wet straw pellets are not suitable for pyrolysis. Therefore, it is not recommended
to store the straw pellets outside, which is in line with the recommendations by Skåneströ AB.
The feeding rate of straw pellets was also changed multiple times during the experiments. Initially,
the on-time of the feeding screws was set to 1.0 s, however, it was shown that the temperature
increased continuously in the reactors passing the wanted upper limit of 550 °C. To stop this
temperature increase, the on-time of the screws were increased stepwise from 1.0 to 2.0 s. This
resulted in a rise of the temperature in the combustion chamber to around 1020 °C, due to an
increased amount of pyrolysis gas. As a consequence of the hot flue gas, the temperature in the
reactors increased further. When the on-time of the feeding screws was set to lower values, 0.2
or 0.3 s, the temperature in the combustion chamber still increased, without adding LPG. When
the feeding rate was 0.1, a decrease of the temperature in the combustion chamber was observed.
Therefore, to maintain a stable temperature in the combustion chamber, and in the downstream
flows, the on-time of the screws where changed manually between 0.1 and 0.3 s depending on the
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direction of the temperature change. Furthermore, it was tested to set one of the screws to 0.1
s and the other to 0.2 s, however, this set up was proven insufficient for the stabilisation of the
temperature.
A collection of data points when straw pellets were pyrolysed showed that the largest temperature
increase in the reactors was between 380 °C to 470 °C, see Figure 23. This is probably due to a
higher temperature difference between the reactor and flue gases in the start-up of the process. As
the reactors reach around 500 °C, the temperature increase levelled out.

Figure 21: Temperature in pyrolysis reactors as a function of time
during start-up of the process.

The day of the flue gas analysis, the process was not as stable the second hour of analysis compared
to the first. It is suggested that an increased humidity of the material due to rain decreased its
energy content and as a consequence, a higher feeding rate was required to maintain the desired
temperature in the combustion chamber. However, when the feeding rate was increased too much,
the temperature in the combustion chamber increased above the wanted temperature, and as a
consequence the feeding rate was lowered. This resulted in a continuous decrease and increase
of the temperature in the combustion chamber, which is observed in Figure 19. This is also an
indication on the sensibility of the process regarding moisture content of the feedstock.
4.5.3 Mass Balance of Carbon
To determine the distribution of C between the biochar and pyrolysis gas, a mass balance was
completed over the pyrolysis reactor. The yields from biomass to biochar were approximated (dry
basis). For straw the yield was set to the maximum yield possible, which was 24 wt.%. According
to the calculations found in Appendix H, higher yield than this went against the law of mass
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conservation. The yield for the conversion of peat to biochar was set to 35 wt.% based on previous
studies, see section 2.1.2. Based on the mass balance, the results showed that more of the C is
maintained in the solid when peat is pyrolysed, see Table 11.
Table 11: C yield in pyrolysis gas and biochar.
C yield (wt.%)
Pyrolysis gas
Biochar

BC-S

BC-P1

BC-P2

61
39

52
48

51
49

4.5.4 Process Design Improvements
The trials at Högdalen resulted in a better understanding of the process and pyrolysis of the feedstocks. One of the main observations is the feedstock dependency of the process. When changing
the feedstock from garden waste to peat or straw pellets, it was evident that the process behaved
differently. The reason might be due to variations in heating values, moisture content, size etc.
Therefore, when designing a plant, it is important to consider the characteristics of the feedstock.
If the intention is to use multiple feedstocks, it must be investigated if it is possible to apply the
same parameters for all or if specific parameters are necessary for each one. Furthermore, as the
moisture content between and within feedstocks varied, and since research shows that the moisture
content has an effect on pyrolysis, it is preferable to design a plant that can tolerate changes in
moisture or install a drier.
The amount or energy content of the produced pyrolysis gas, indirectly shown by the maintenance
of the temperature in the combustion chamber, also depended on the feedstock. If the amount or the
energy content of the pyrolysis gas is too low, the temperature in the combustion chamber drops.
During the peat experiments, it was not managed to operate the process to produce a sufficient
amount of pyrolysis gas. This could be due to a high or varied moisture content in the feedstock or
that the yield of pyrolysis gas was too low. However, during the experiment with straw pellets, the
temperature in the combustion chamber was kept above 750 °C, indicating a sufficient production
of pyrolysis gas. This is solely an indication as it is not possible to exclude other scenarios, such
as combustion of particles that have entered the combustion chamber. As a result, the use of LPG
was low when straw pellets were processed in comparison to peat. According to the EBC [125],
the pyrolysis process must be energy-autonomous with the exception of preheating, which was not
the case with peat during the trial period. As the test period with peat lasted less than two weeks,
evidently, further research is necessary to investigate if it is possible to operate the plant using
peat without the continuous use of LPG. Studies have shown that the heating rate could affect the
heating value of the pyrolysis gas, see section 2.4.4. This implies that an optimal heating rate could
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improve the autonomy of the process when pyrolysing peat.
It is recommended that other transportation systems are investigated. For instance, as peat formed
finer particles when transported in the feeding screws, it is of interest to determine if other systems
of material transportation are superior. According to Borg Dunge (Personal communication, 201804-26), it is recommended to use transportation belts rather than screws when transporting peat.
Moreover, the downstream processes could be optimised, regardless of the original feedstock. As
it is today, there are several screws transporting the biochar to the storage bags which results in
deformation of the biochar and formation of finer particles/dust. When producing low amounts,
the transportation to the storage bags malfunctions, instead of solely transporting the material, the
screws also process the biochar into finer particles.
Dust formation must be considered in the design of a future plant and precautions are required to
minimise the spreading of dust. One of the reasons is working safety as particles might be inhaled
during loading and discharge of the material. An additional or improved particle removal must be
investigated and optimised to minimise the particles downstream causing clogging or decreasing
the efficiency of heat exchangers. This is essential when operating on peat.
When operating the pilot plant, it was realised that more points of data collection are necessary for
the understanding, operating and monitoring of the process. Additionally, even though the PYREG
process is flexible, it would be desirable to increase its flexibility. As it is today, the temperature
of the flue gas flowing into the reactors differs which results in an uneven temperature of the
pyrolysis reactors. It would be of advantage if the temperature of the flue gas entering the reactor
was controllable. This could be achieved by having one combustion chamber for each reactor or by
installing a valve after the combustion chamber/cyclone enabling the steering of the flue gas into
the two reactors. Moreover, to control the temperature in the pyrolysis reactors, a third pipe could
be installed leading parts of the flue gas straight to a heat recovery system in case the temperature
in the pyrolysis reactors is higher than required. Another alternative may be to remove parts of the
pyrolysis gas, before entering the combustion chamber, and use it for other purposes. This would
allow for a lower pyrolysis temperature, around 400-550 °C, which is essential for straw pyrolysis,
without lowering the temperature in the combustion chamber. This could also be a solution in order
to control differences in moisture content of the feedstock, i.e. the energy density of the pyrolysis
gas. During the experimental period the strategy to maintain a low temperature in the pyrolysis
reactors was to lower the combustion temperature, however, research shows that the combustion
temperature must be kept high, e.g. above 900 °C, to ensure tar cracking. Therefore, the control of
the temperature before and inside the pyrolysis reactor is considered a key function. Additionally,
according to EBC, the fluctuation of the temperature inside the reactor should not exceed 20 %
which currently is difficult to ensure.
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As energy rich flue gas was produced during pyrolysis of straw and the desired pyrolysis temperature is low, there is a great potential to make use of the excessive heat by connecting to the
district heating network. If the demand for district heating is low, then it might be more beneficial
to extract part of the pyrolysis gas instead. Depending on the demand of district heating, other
applications of the pyrolysis gas can be of interest. The condensable gas could be used as pyrolysis
oil while the non-condensable gas can be utilised as a fuel.
It is believed that further optimisation of the quenching is possible. In a future plant, it would be of
advantage to integrate the heat released from the cooling of biochar to increase the heat recovery
further. Investigation of optional quenching techniques could be of interest. Moreover, if there are
any problems in the upstream process, it is important to monitor the temperature of the biochar so
it does not spike in addition to implement a safety system with rigorous quenching.
4.5.5 Suggestions for Future Research
To determine the yield and efficiency of the process, two values of interest are the gas and biochar
yield, however, these were difficult to measure. Due to variations in quenching time, the moisture
content of the biochar and feedstock varied which complicated the estimation of the moisture
content as well as the biochar yield. Additionally, during operation there were material losses of
both feedstock and biochar and the amount could not be measured.
The composition of sewage sludge and garden waste is not constant throughout the year, therefore,
the results in this study are not necessarily representative for the feedstock in general. Horse manure might differ in composition depending on the horse keepers’ choice of bedding. This suggests
that the produced biochar might differ since the composition is correlated with the content of the
feedstock. Further research is required to determine whether the fluctuations in the composition of
the feedstock are significant for the process or the product. Important to remember, the fluctuation
of the pyrolysed biomass should not exceed 15 % according to EBC.
To reduce emissions of alkali metals in the pyrolysis gas when operating on straw, it is suggested
that the straw used in the process is pretreated by e.g. water leaching and that the choice of fertiliser
is evaluated. Furthermore, the optimal size of peat requires investigation. Middle-sized peat might
be preferable compared to peat nuggets since the cost of size reduction might be lower.
In addition, to determine an optimal temperature for minimal release of emissions, an investigation
where pyrolysis is performed at various temperatures is suggested.
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4.6

Certification of the Produced Biochar

The importance of producing a certified biochar can be discussed. Even though it is beneficial
to certify the biochar, since it allows for global comparison of its quality, some of the criteria in
the EBC might be difficult to fulfill. Aspects of the EBC might not be beneficial for a large-scale
production, but instead promote several small-scale plant, which eliminates the advantage of a
large-scale plant. For instance, the EBC only allows feedstocks that are produced less than 80
km from the pyrolysis plant. A large-scale plant implicates the necessity of a large abundance of
feedstock. Of the four feedstocks investigated in this report, it is believed that solely sewage sludge
and possibly horse manure can be found in cities such as Stockholm and match the demand of a
large-scale plant. Peatlands and straw production are spread over the country which obstacles the
supply to cities. Furthermore, even if a plant is built close to a peatland, after complete extraction
of peat, the plant would no longer be close to the collection site of the feedstock.
A requirement in the EBC is that the process is energy-autonomous. The peat trials showed that this
is not always the case in this type of process. As previously mentioned, this might be due to high
moisture content in the feedstock. This problem has occurred when pyrolysing garden waste and
the proposed solution is to install a dryer. This will result in increased energy requirement, unless
flue gas is used for drying. Knowing that horse manure and sewage sludge have high moisture
content and that sewage sludge has a high ash content, the design of a energy-autonomous process
could be difficult.
In the EBC, requirements on dioxin levels in the biochar are listed. During the test runs, dioxins
were not analysed neither in the flue gas nor the produced biochar. As previous research states that
dioxins might be formed during pyrolysis and combustion, it is suggested that in a future test run,
dioxins should be analysed.
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5

Conclusion

The aim of this project was to investigate the possibility of producing biochar through slow pyrolysis of peat, straw, horse manure and sewage sludge. When reading about this topic, it is observed
that the knowledge of pyrolysis of each feedstock varies. Sewage sludge and straw are well represented while peat and horse manure have been less studied.
The derived TGA results show that the feedstocks behave differently when pyrolysed. The rate
of the mass loss as well as the final mass loss vary. For all five feedstocks, the mass loss rate is
the highest in the same temperature interval. Sewage sludge has a higher final mass loss while
straw pellets has the lowest. The differences in behaviour are due to variations in structure and
composition, such as ash content and volatile matter. This indicates that the feedstocks investigated
in this report require separate pyrolysis temperatures to reach the same level of carbonisation.
Furthermore, in a plant where the size of the feedstock is greater, a higher pyrolysis temperature
might be required due to obstacles with heat and mass transfer.
The results derived in this report show that when pyrolysing biomass, the concentration of O and
H decreases while the concentration of C increases. The produced biochars have low O/C and
H/C ratios which indicates a high stability. Metals tend to be concentrated in the biochar with the
exception of K, Cd and Hg, depending on the temperature. The concentration of nutrients increases
as well. Parts of the Cl, S and N content are released to the pyrolysis gas and the amount depends
on the temperature and the structure of the feedstock. S and N form precursors during pyrolysis
which can generate SO2 and NO2 when the pyrolysis gas is combusted. The BET surface area
and the pH value of the biochar increase with temperature, however, the increase is feedstock
dependent. The BET surface area of the biochar from peat was higher compared to the one from
straw. Furthermore, the structure of the biochar is observed to depend on the original feedstock.
The biochar from peat is more porous and its structure is not lost to the same extent when crushed
compared to straw produced biochar.
Sewage sludge and horse manure were not pyrolysed at the pilot plant. Previous literature and the
proximate analysis indicate that the production of biochar from sewage sludge, according to the
EBC definition, is not possible due to its high ash content and low fixed carbon. On the other hand,
it is suggested that it is possible to produce biochar from horse manure, based on a previous study
and the results presented in this report.
The upscaling of experiments, from laboratory scale to plant scale, is known to be challenging.
The results in this report prove that it is possible to produce biochar from peat and straw in a
larger scale and still follow the trends reported in previous research. However, extrapolation of the
results to design an even larger plant is problematic since mass and heat transfer problems need to
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be accounted for. In addition, it is difficult to extrapolate the results from the pyrolysis of peat and
straw, to the pyrolysis of horse manure and sewage sludge since the behaviour is dependent on the
properties of the feedstock and the process parameters.
EBC is considered a valid benchmark for the characterisation of biochar since it covers requirements on feedstock, process and product. The criteria of the biochar include multiple aspects,
where several of them are studied by researches. However, the analytical methods to characterise
the biochar need further standardisation to allow for comparison and to guarantee the same quality
of the product. Some requirements of the EBC might need revision or are not suitable for a largescale production, for instance the 80 km criteria. Another aspect is that peat is not included in the
list of approved feedstocks mentioned in the EBC and can therefore not be certified. Potentially,
this could affect the sale of biochar produced from peat.
From the experiences of operating the pyrolysis process in Högdalen, it is concluded that changing
feedstock requires different operating parameters. This is probably due to differences in moisture
content, size and energy content. If it is intended to use multiple feedstocks in the same reactor in
a future pyrolysis plant, it is recommended to develop an operating program for each feedstock.

5.1

Future Recommendations

The results from the pilot plant in Högdalen indicate that a biochar with wanted qualities, based
on EBC, can be produced from peat and straw pellets. However, certain measurements must be
considered in order to up-scale the process. In a future plant it is recommended to:
• Include a dryer if the feedstock has a high moisture content.
• Include an improved particulate separation to prohibit downstream clogging/contamination
of equipment.
• Investigate other possibilities for material transportation.
• Improve flexibility of plant to allow for temperature control in reactors.
• Enable steering of the flue gas and extraction of pyrolysis gas to optimise the heat flow to
the reactors.
• Investigate the possibility for heat recovery at the quenching.
• Design combustion chamber/operate the plant to reduce NO2 -emissions.
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[2] K. Crombie and O. Mašek, “Pyrolysis biochar systems, balance between bioenergy and
carbon sequestration,” GCB Bioenergy, vol. 7, pp. 349–361, March 2015.
[3] S. Sohi, E. Krull, E. Lopez-Capel, and R. Bol, “Chapter 2 - A Review of Biochar and Its
Use and Function in Soil,” in Advances in Agronomy, vol. 105 of Advances in Agronomy,
pp. 47 – 82, Academic Press, 2010.
[4] B. Glaser, L. Haumaier, G. Guggenberger, and W. Zech, “The ’terra preta’ phenomenon: a
model for sustainable agriculture in the humid tropics,” vol. 88, pp. 37–41, January 2001.
[5] P. Basu, “Chapter 3 - Pyrolysis and Torrefaction,” in Biomass Gasification and Pyrolysis
(P. Basu, ed.), pp. 65 – 96, Boston: Academic Press, 2010.
[6] P. J. Spedding, “Peat,” Fuel, vol. 67, no. 7, pp. 883 – 900, 1988.
[7] C. H. Fuchsman, “Chapter 1 - Introduction,” in Peat (C. H. Fuchsman, ed.), pp. 1 – 11,
Academic Press, 1980.
[8] C. H. Fuchsman, “Chapter 2 - Chemical Characterization of Peats,” in Peat (C. H. Fuchsman, ed.), pp. 12 – 20, Academic Press, 1980.
[9] Sveriges
geologiska
undersökning,
“Torvbruk.”
https://www.sgu.se/
samhallsplanering/planering-och-markanvandning/markanvandning/
torvbruk/, Accessed 18 Jan 2018.
[10] Energimyndigheten,
“Torv.”
http://www.energikunskap.se/sv/Faktabasen/
Vad-ar-energi/Energibarare/Torv/, January 2017. Accessed 18 Jan 2018.
[11] Energimyndigheten, “12,7 TWh of renewable electricity through the electricity certificate system in 2007.” http://www.energimyndigheten.se/en/news/
2008/127-twh-of-renewable-electricity-through-the-electricity\
-certificate-system-in-2007/, March 2015. Accessed 18 Jan 2018.
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[36] Länsstyrelsen Stockholm,
“Avloppsslam i Stockholm län.” http://www.
lansstyrelsen.se/stockholm/SiteCollectionDocuments/Sv/publikationer/
2015/F2014-19-avloppsslam-i-stockholms-lan.pdf, January 2015. Accessed 18
Jan 2018.
[37] Naturvårdsverket, “System för återanvändning av fosfor ur avlopp.” https://www.
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[274] W. Zhang, T. Henschel, U. Söderlind, K.-Q. Tran, and X. Han, “Thermogravimetric and
Online Gas Analysis on various Biomass Fuels,” Energy Procedia, vol. 105, pp. 162 – 167,
2017. 8th International Conference on Applied Energy, ICAE2016, 8-11 October 2016,
Beijing, China.
[275] Q. Yang and S. Wu, “Thermogravimetric characteristics of wheat straw lignin,” Cellulose
Chem. Technol, vol. 43, pp. 133–139, 2009.
[276] W. Li, “High-Solid Anaerobic Codigestion of Horse Manure and Grass in Batch and Semicontinuous Systems,” Energy Fuels, vol. 30, pp. 6419–6424, August 2016.
[277] Cortus Energy, “Report B.” http://www.biogasxpose.eu/upload/REPORT%20B.pdf,
September 2015. Accessed 23 Feb 2018.
[278] A. Magdziarz and S. Werle, “Analysis of the combustion and pyrolysis of dried sewage
sludge by tga and ms,” Waste Management, vol. 34, no. 1, pp. 174 – 179, 2014.
[279] D. L. Urban and M. J. Antal, “Study of the kinetics of sewage sludge pyrolysis using dsc
and tga,” Fuel, vol. 61, no. 9, pp. 799 – 806, 1982.
[280] J. Shao, H. Chen, B. Wang, R. Yan, D. H. Lee, and D. T. Liang, “Pyrolysis characteristics
and kinetics of sewage sludge by thermogravimetry fourier transform infrared analysis,”
vol. 22, pp. 38–45, January 2008.
[281] Q. Xu, S. Tang, J. Wang, and J. H. Ko, “Pyrolysis kinetics of sewage sludge and its biochar
characteristics,” Process Safety and Environmental Protection, 2017.
[282] B. Urych and A. Smolinski, “Kinetics of sewage sludge pyrolysis and air gasification of its
chars,” Energy Fuels, vol. 30, pp. 4869–4878, June 2016.
[283] A.-B. Hernandez, J.-H. Ferrasse, S. Akkache, and N. Roche, “Thermochemical Conversion
of Sewage Sludge by TGA-FTIR Analysis: Influence of Mineral Matter Added,” Drying
Technology, April 2015.

139

[284] S. Singh, C. Wu, and P. T. Williams, “Pyrolysis of waste materials using TGA-MS and TGAFTIR as complementary characterisation techniques,” Journal of Analytical and Applied
Pyrolysis, vol. 94, pp. 99 – 107, 2012.
[285] Pyreg, “Characteristic values of a pyreg plant.” http://www.pyreg.de/wp-content/
uploads/04_biomass_characteristics_PYREG_system.pdf. Accessed 9 Feb 2018.
[286] W. Zhao, H. Chen, N. Liu, and J. Zhou, “Thermogravimetric analysis of peat decomposition under different oxygen concentrations,” Journal of Thermal Analysis and Calorimetry,
vol. 117, pp. 489–497, Jul 2014.
[287] H. Chen, W. Zhao, and N. Liu, “Thermal Analysis and Decomposition Kinetics of Chinese
Forest Peat under Nitrogen and Air Atmospheres,” Energy & Fuels, vol. 25, no. 2, pp. 797–
803, 2011.
[288] O. Purmalis, D. Porsnovs, and M. Klavins, “Differential Thermal Analysis of Peat and Peat
Humic Acids,” Scientific Journal of Riga Technical University, vol. 24, no. 1, pp. 89–93,
2011.
[289] M. Stenseng, A. Jensen, and K. Dam-Johansen, “Investigation of biomass pyrolysis by thermogravimetric analysis and differential scanning calorimetry,” Journal of Analytical and
Applied Pyrolysis, vol. 58-59, pp. 765 – 780, 2001.
[290] K. Lazdovica, V. Kampars, L. Liepina, and M. Vilka, “Comparative study on thermal pyrolysis of buckwheat and wheat straws by using tga-ftir and py-gc/ms methods,” Journal of
Analytical and Applied Pyrolysis, vol. 124, pp. 1 – 15, 2017.
[291] C. Greenhalf, D. Nowakowski, A. Bridgwater, J. Titiloye, N. Yates, A. Riche, and I. Shield,
“Thermochemical characterisation of straws and high yielding perennial grasses,” Industrial
Crops and Products, vol. 36, no. 1, pp. 449 – 459, 2012.
[292] S. Nanda, A. K. Dalai, I. Gökalp, and J. A. Kozinski, “Valorization of horse manure through
catalytic supercritical water gasification,” Waste Management, vol. 52, pp. 147 – 158, 2016.
[293] M. G. Grønli, G. Várhegyi, and C. Di Blasi, “Thermogravimetric Analysis and Devolatilization Kinetics of Wood,” Industrial Engineering Chemistry Research, vol. 41, pp. 4201–
4208, August 2002.
[294] A. Dieguez-Alonso, A. Funke, A. Anca-Couce, A. G. Rombolà, G. Ojeda, J. Bachmann, and
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Appendices
A

Differences in Feedstock

Table 12 has been conducted through Strömberg and Herstad Svärd. [12]
Table 12: Properties of peat, straw, horse manure and sewage sludge.
Parameter

Peat

Mositure content
48.2
Ash content
5.3
Volatile matter (daf)
72.2
HHV (daf) MJ/kg
22.5
C (daf)
56.8
H (daf)
5.8
O (daf)
35.6
S (daf)
0.29
N (daf)
2.2
Cl(daf)
0.05
K (g/kg db)
6.874
Si (g/kg db)
182.58

B

Straw

Horse manure

Sewage sludge

12.4
4.95
18.86
48.32
5.93
44.89
0.08
0.6
0.12
56.45
303.583

63.05
7.3
52.4
6.42
39.31
0.3
0.97
0.28
42.997
111.513

74.1
43.4
22.3
52.2
7.4
32.3
1.9
6.3
0.10
8.938
108.333

NOX Reactions

NOX reactions [67] from different precursors. Reactions for HCN:
HCN + O *
) NCO + H

(2)

HCN + OH *
) CN + H2 O

(3)

CN + OH *
) NCO + H

(4)

NCO + O *
) NO + CO

(5)

NCO + OH *
) NO + H + CO

(6)
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NH3 can undergo reactions to form N, NH and NH2 , where j=1-3 and i=0-2.
NHj + O /H/ OH *
) NHi + OH/ H2 / H2 O

(7)

Which in turn can undergo further reactions to form NOX
NH + O *
) NO + H

(8)

N + O2 *
) NO + O

(9)

According to Miller and Miller [70], the formation of NOX from NH3 and HCN during combustion
is as following.

C

1
5
HCN + O2 → NO + CO + H2 O
4
2

(10)

3
1
HCN + O2 + NO → N2 O + CO + H2 O
2
2

(11)

3
1
1
HCN + O2 → N2 + CO2 + H2 O
4
2
2

(12)

5
3
NH3 + O2 → NO + H2 O
4
2

(13)

1
3
3
NH3 + O2 → N2 + H2 O
4
2
2

(14)

Dioxins

The formation of dioxins through pyrosynthesis and de novo synthesis is described below.

C.1

Pyrosynthesis

Garcia-Perez and Metcalf [87] has divided the pyrosynthesis into homogenous reactions and heterogenous reaction. The first includes gas phase reactions, while the latter includes catalytic re143

actions on the surface of fly ash. However, in another review, pyrosynthesis is the gas-phase
mechanism while precursor route is the catalytic process. [88] In the same review, it is stated that
the majority of organic and inorganic Cl is released in the form of HCl during combustion of municipal solid waste. During combustion, compounds are produced as a consequence of incomplete
combustion and when they react with HCl, chlorinated benzenes and phenols are formed. These
compounds are dioxin precursors and their formation occur at temperatures below 850 °C, however, the reactions are more efficient around 750 °C. It is shown that the concentration of HCl
effects the concentration of precursors, however, solely at low concentrations. The amount of
precursors does not increase at high concentrations of HCl. The formation of dioxin is strongly
dependent of the concentration of precursors.
The formation of dioxin from precursors on the surface of fly ash normally occurs at temperatures
around 200-450 °C, i.e. at the colder parts in a plant. The chlorinated phenols and benzene can
undergo several reactions, and it is shown that these reactions do not require the presence of Cl
or HCl. Therefore, for the formation of PCDD/F from precursor route, the operating conditions
of the incinerator, the catalytic properties of the fly ash and the concentration of precursors are of
importance while the Cl content in the feedstock is not directly related. The formation of dioxin
from gas phase reactions, without the presence of fly ash, is usually neglected due to their small
contribution. [88]

C.2

De novo synthesis

The de novo mechanism requires the presence of inorganic or organic Cl, Cu and O [87] as well
as remains of C in the fly ash. [88] The origin of Cl in this reaction mechanism is from the metal
chloride ligands on the fly ash, the source of Cl can also be from HCl in the gas phase. [88] It has
been shown that parts of the produced PCDD/F in the fly ash diffuses out of the particle into the
gas, the rest is found in fly ash. [88] CO or CO2 are not effective precursors to PCDD/F through de
novo synthesis. [295] The amount of produced PCDD/F depends on the temperatures and results
from a study indicate that the maximum yield of the formation is around 325 °C. [295] Hence,
PCDD/F are produced in cooler sections of the plant via the de novo mechanism.
In the report by Environment Australia [88] important factors affecting the formation of PCDD/F
by the de novo synthesis are described. As C content in the fly ash is necessary for the formation
of PCDD/F, the post combustion formation is reduced at complete combustion. The formation rate
of PCDD/F during combustion is also affected by the morphology of the generated C as well as
the activity of the fly ash. Even if HCl might serve as a source for Cl, the main source for Cl is the
metal chloride ligands, therefore, the concentration of Cl in the gases is not as important in the de
novo mechanism. For these reasons, the amount of formed PCDD/F by the de novo mechanism is
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not related to the amount of Cl in the original feedstock. However, this statement is discussed and
results are presented from several studies where the opposite trend was found. The authors discuss
that the correlation of Cl content in feedstock and dioxin formation might rather be a result from an
experimental artefact. Furthermore, it is shown that formation of PCDD/F is minimised by firing
homogenous fuel at longer residence time, higher temperatures and low Cl/S ratios.
The importance of the different mechanisms has also been up to discussion and different studies
and authors claim different things. [87]
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D

BET Theory and Calculation

Basic theory behind BET has been explained by Patience et al. [296] and is presented below. The
BET equation is as following:
c−1 p
1
1
=
+
ν a [(p0 /p) − 1]
νm c p0 νm c

(15)

Where ν m is the amount of the monolayer, ν a is the amount of adsorbed gas and c is the BET
constant. p0 is the saturation pressure at the specific temperature of the adsorption and p is the
equilibrium pressure at the specific temperature of adsorption. If the first term, 1/ν a [(p0 /p) − 1],
is plotted against p/p0 , one can determine the monolayer, ν m , from the slope and the intercept.
The BET constant is an indication of how strong the interactions between the adsorbate and the
adsorbent are. A high value indicates strong interactions and the BET constant is calculated via
Eq. (16).

q1 = ql + RT lnc

(16)

Where R, is the gas constant in J/K mol, T is temperature in K, q1 is the heat of the adsorption for
the first layer and qL is the heat of the adsorption for the second and higher layer which is equal to
the heat of liquefaction.
Eq. (17) can be applied in order to calculate the total surface area of the material.

Stot =

νm NA
M

(17)

Where N is Avogadro’s number, M is the molecular weight in g/mol and A is the cross-section area
of the adsorbate gas in m2 .
One example of the re-calculation of the BET surface area can be found below, where 1/(va ((P/P0 )1)) is plotted against P/P0 .
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p/p0
Va
0,066450609
0,079638129
0,100917114
0,120475801
0,14067147
0,160299988
0,180858947
0,200812394
0,249995299
0,300580205

30,6536
31,5458
31,977
32,3472
32,6478
33,0343
33,2091
33,402
33,6138
33,7106

1/(Va*((p0/p)-1))
0,002322096
0,002742969
0,003510164
0,004234629
0,005014099
0,005778887
0,006648508
0,007522623
0,009916313
0,012748409

BC-P1
0.014
0.012

y = 0.0438x - 0.001
R² = 0.9918

0.01

1/(Va*((p/p0)-1)) 0.008
0.006

BC-P1

0.004

Linjär (BC-P1)

0.002
0
0

0.05

0.1

0.15

0.2

p/p0

Vm
BET surface area

23,364 cm3/g
101,76 m2/g

147

0.25

0.3

0.35

E

XRD

The XRD graphs are depicted below, both from biochar produced from peat and straw pellets.

Figure 22: XRD of biochar produced from peat.

Figure 23: XRD of biochar produced from straw pellets.

F

Risk Assessment

Before operating the system, a risk assessment was completed to identify the possible risks; these
include human, mechanical, chemical risks. In this section a risk assessment of the pilot plant at
Högdalen is presented – including general risks as well as risks related to the project presented
in this report. Some of the risks are discussed in more detail while other are solely mentioned.
The risks are based on existing literature and on the information provided by the operator, Björn
Hallgren, of the plant.

F.1

Spare parts

According to the signed contract, PYREG is required to provide spare parts the first two years of
operation. Therefore, if a part of the plant which cannot be bought in a store breaks, a new part is
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sent from Germany. The delivery time is more than a week, consequently, the process is delayed.
The LPG used in the process is stored in tanks. The delivery time of new tanks is two days. During
cold days, more LPG is required, therefore, a larger storage is necessary.
If the O2 sensor breaks, the delivery time is about one week, which delays the process. The operator
of the process suggests that a spare one should be bought.
Replacing or maintaining parts require time. Removing a screw requires half a day, while cleaning
the chamber from soot requires a couple of hours. It is difficult to estimate the delivery time of a
new dryer or mill/shredder if they break.

F.2

Safety risks

As the process is not designed in Sweden, all of the safety precautions that are common in Sweden are not included in the PYREG process. The PYREG process lacks circuit breakers/power
switches, which are normally included in a Swedish plant. Therefore, extra caution is required
when working at the plant. For instance, electrical contacts might be removed from socket before
working with the specific equipment.
The PYREG-reactor does not have an emergency switch instead it shuts down slowly. This is a risk
for the operator and the equipment in case something happens, it is not possible to immediately stop
the process. However, the process shuts down automatically when problems occur. For instance,
if the temperature in the combustion chamber exceeds normal operational temperature, the system
automatically shuts off. Additionally, if the material flow is stopped due to clogging, the process
stops and has to be turned on manually.
Gas leakage has been observed in the process and it is important to be careful since the gases are
hot and hazardous.
When feeding the feedstock, dust is spread. To minimise inhalation of dust, it is recommended to
use safety masks when operating the process. As larger vehicles are operating in the area and the
visibility might be limited, a safety vest is recommended. Safety shoes are also recommended.

F.3

Problems Causing Delay

This process is a pilot plant and there are problems occurring continuously. This results in the requirement of continuous maintenance and the presence of an operator. Examples of such problems
are:
• The feed is clogged in the feeding system due to e.g. large particle size.
• Large soot formation in the combustion chamber.
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• Clogging of water hose due to accumulation of gravel.
• Clogging of the O2 sensor, requires monthly maintenance.
• Destruction of material in various parts, pipes, screws etc.

F.4

Risk Rating

The risk analysis performed before the test runs are depicted below. The risks with rating above
ten are coloured red and require consideration.
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Risk Description
Feedstock/Storage
Delayed delivery from supplier

No delivery from supplier

Bad odour (Peat)

Bad odour (Horse Manure)

Lack of storage

Effect of weather

Change in quality/quantity of
feedstock
Dust formation

Radioactive radiation

Pretreatment
Drying
Dryer breaks
Apprature for measuring
humidity breaks/ is not accurate
Uneven drying of feedstock

Variation of moistrue content in
recieved feedstock

Cause

Consequence

Proposal

Bad communication with
supplier / Lack of raw
material
Bad communication with
supplier / Lack of raw
material
Malodorous feedstock

Delayed production

Confirm delivery / Second supplier

2

3

6

Delayed production / Stop in
production

Confirm delivery / Second supplier

1

4

4

Bad working enivronment /
Disturbing
neighbouring activities
Malodorous feedstock
Bad working enivronment /
Disturbing
neighbouring activities
All feedstock is delivered
Preliminary storage sites are
simultaniously / The storage created
cite is not emptied for new
feedstock
Storage is outside
Moisture content changes /
Feedstock is frozen, blown
away or ignited / Delayed
production / Longer
production time
Leakage to environment /
Contamination / Autoignition
Decomposition / Wind
/ Decrease of feedstock
Raw material with powder Bad working environment /
properties
Dust explosion / Loss of
material
Radioactive content in peat Exposure to humans and
environment

Sealed storage / Continuoys delivery /
Smaller storage / Safety mask

2

1

2

Sealed storage / Continuoys delivery /
Smaller storage / Safety mask

3

1

3

Create a delivery plan / Ask if it is
possible to borrow space at ÅVC

2

1

2

Seal the storage site

4

3

12

Sealed storage / Store for short periods
of time
Raw material delivered in a solid and
compact form / Use safety masks

2

3

6

4

2

8

Use peat with low radioactivity

1

4

4

Mechanical failure

Regular check-ups of the dryer and
humdity of the dried feedstock
Calibrate often / Check accuracy / Buy
a spare one
Mixing

1

4

4

1

2

2

2

2

4

Measure moisture content when
feedstock is delivered / Have suppliers
providing feedstock with similar
moisture content

2

2

4

Energy density of feedstock is Batch-wise loading or sealed storage
lowered / Pyrolysis time
decreases

4

3

12

Uneven heat and mass transfer Sieve the material
in reactor / Clogging
Delay / Stop in production
Continuous maintenance

4

4

16

1

4

4

Cautious loading

1
4

2
2

2
8

Ensure tarpauline is intact / Covering
the storage tank

1

4

4

Continuous maintenance

1

4

4

Maintanance / Alternative feeding
Continuous maintenance

4
3

3
2

12
6

Talk to entrepeneurs and supplier

3

3

9

Continuous maintenance

1

3

3

Heat transfer decrease / Need Continuous maintenance / Pretreat
of maintenance
feedstock
Change in product distribution Keep an eye on thermocouples
and properties of biochar

1

3

3

4

3

12

Misleading meaurements of
temperature / No data on
temperature / Delay
Delay / Stop in production

Continuous check-ups / Order new one

1

2

2

Continous checking of LPG levels /
Extra storage

1

2

2

Mechanical failure
Mechanical failure /
Gradients in dryer /
Excessive loading
Differences in feedstock

Humidification of dried feedstock Non-sealed storage

Sizing
Size distribution is too large

Sizing is faulty

Mill/shredder breaks

Mechanical failure

Feeding system
Wheel loader breaks
Dust formation

Delayed / Stopped production /
Feedstock too dry or humid
Misleading meaurements of
moisture content
Longer drying time in reactor,
misleading
moisture measurements
Longer/shorter drying is
necessary

Delay / Stop in production
Bad working environment
/ dust explotion
Change in moisture content
Energy density of feedstock is
lowered / Pyrolysis time
decreases
Oxygen enters system
Error in valves
Combustion in pyrolyser /
Higher oxygen levels detected
by oxygen sensor
Clogging
Too large feedstock particles Delay / Stop in production
Uneven distribution of feedstock, Mechanical failure
Different degrees of
between the reactors
carbonisation in each reactor /
Clogging / Decreased
production of biochar
Contaminated feedstock
The entrepreneur
Clogging / Delay / Stop in
responsoble for loading is
production / Change in quality
not careful when loading /
of biochar
Previous contamination
Pyrolysis reactor
Screw breaks

Fouling/Slagging
Temperature in reactor changes

Thermocouple breaks

Run out of LPG

Mechanical failure
Loading / raw material with
dust properties
Damage in tarpauline /
Tarpauline is not sufficient

Mechanical failure /
Clogging / Wearing of
material
High temperatures and ash
content
Too little/much feed or
moisture content / Heating is
not sufficient
Mechanical failure

Leakage / LPG is not
ordered on time / Too cold

Delay / Stop in production

Combustion

151

Probability (1-4)

Impact (1-4)

Risk Rating

Temperature in combustion
chamber changes

Too little/much pyrolysis gas Pyrolysis temperature
Check temperature in combustion
decreases / Damage to
chamber continuously / Check feed /
equipment / Stop in production Dry feedstock
/ Higher usage of LPG

4

3

12

Thermocouple breaks

Mechanical failure

1

2

2

Oxygen sensor breaks / Clogs

Mechanical failure /
Accumulation of material

Misleading meaurements of
Continuous check-ups
temperature / No data on
temperature / Delay
Misleading measurements of Continuous maintenance
oxygen levels / Modification
of oxygen levels based on
faulty data / Stop in production

4

2

8

Soot formation

Ash

Continuous maintenance

4

2

8

Pipe between cyclone and
chamber is damaged

High temperatures in gases

Continuous maintenance is
required / Delay / Stop in
production
Delay / Stop in production /
Replacement is required

Change pipe

3

3

9

3

3

9

Quenching
Quenching malfunctions

Mechanical failure / Lack of Delay in production / Fire /
Continuous check-ups
water / Cold weather / Hose Hot biochar / Heavy transport /
clogged by gravel
Dust formation and explosion

Heat exchangers / Chimney
Heat exchangers break
Fan fails to transport flue gases

Mechanical failure
Too much condensed water
in chimney
Flue gas condenser does not work Problems in piping / Has not
properly
been maintained
Waste/ Flue gases
Radioactive waste (Peat)
Lack of storage of soot waste
Waste barrel is full
Hazardous flue gases

Biochar
Storage is lacking
Fire in biochar storage

Quality of biochar inadequate

Screw for biochar transport
breaks / Clogs
Effect of weather on the
properties/handling of biochar

Flue gases are not cooled
Delay in production

Continuous maintenance
Continuous maintanance

1
2

3
3

3
6

Replacement of pipe /
Cleaning

Continuous check-ups / Maintanance

2

2

4

Radioactive compounds in
feedstock
Storage too small / Too much
soot formation
Normal and unexpected
amount of soot formation
Choice of feedstock /
Particulates / Acid gas
formation

Operators exposed to
radioactivity
Delay in production

Follow recommendations on storage of
radioactive waste
Guarantee collection / Have another
company collect
Empty soot barrel contunously/when
necessary
Analyse flue gases / Implement gas
cleaning / Safety masks for operators

1

4

4

1

1

1

1

2

2

4

3

12

Increased yield of biochar

Delay in production

2

2

Destruction of material

2

4

8

Uncertified / Unusable
product

Have extra bags / Plan regular
collections
Continuous check-ups of quenching /
Water hose / Increase distance between
bags
Modify process parameters / Evaluate
choice of feedstock

1

Too high temperatures in
biochar / Smoldering biochar
/ Spreading of fire
High content of heavy metals
and other contaminants
/ Low content of fixed
carbon / Lack of knowledge
of the process
Mechanical failure /
Clogging
Outside storage

2

4

8

Delay in production

Continuous maintenance

2

2

4

Transportation of
biochar is obstructed

Cover storage of biochar

1

1

1

Limited understanding of the
process / Delay / Stop in
production / Damaging of
process
Limited understanding of the
important process parameters /
Delay / Stop in production /
Damaging of process
Delayed production

Introduction / Provide information /
Read manual / SOP

4

4

16

Literature study / Continuoius
communication with operator or
PYREG

4

4

16

Planning

3

3

9

Operational errors

Planning

3

4

12

Operational errors / Delay /
Stop in production

Standardise communication

2

4

8

Delay / Stop in production

Planning

4

4

16

Effect on human health
Skin burn

Spend limited time at the plant
Maintenance of possible cites of gas
leakage and take caution / Use masks
Use safety jacket / Install lamps

4
2

1
4

4
8

1

4

4

Disturbing operators,
neighbouring activities and
animals
Delay in production

Operate under certain hours

4

1

4

-

2

2

4

Delay / Stop in production /
Accident

Continuous maintenance and updates

1

4

4

Operators
Lack of knowledge / Education of Miscommunication
personnel other than the operators

Lack of general knowledge

Limited studies and pilot
tests on the specific
feedstocks

High workload

Few competent operators /
Many unexpected problems
Stress / Sleep deprivation /
Harsh weather / Flaws in
design
Stressful situations /
Personnel not attentive /
Differences in knowledge
Training is necessary for
some tasks
Site close to power plant
High temperatures in process
/ Gas leakage
Moving vehicles operating in
the area

Human error

Miscommunication

Lack of adequate personnel for
specific chores
Effect of magnetic field
Hot surfaces and gases
Accidents with moving vehicles

Other
Noice pollution

Process is outdoors

Lacking of instruments and tools New problems appear /
Damage of existing
Hardware/Software
Errors in system
breaks/malfunctions

Delay in production
Effect on human health and
environment

Effect on human health /
Damage of equipment

152

Gas leakage

Wearing of equipment
/ Insufficient connection of
equipment / Leakage of LPG
tanks
Downstream condensation of tars Insufficient cracking / Too
low oxygen levels or
temperature

Leakage of hazardaous gases / Continuous maintenance and checkEffect on human health and
ups
enironment / Reduced
efficiency / Fire
Accumulation of tars in the
Optimise combustion process
system / Reduced heat transfer
/ Regular maintenance is
required / Reduced efficiency
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3

4

12

1

2

2

G

TG analysis

The figures below include all three curves from the TGA for each feedstock.

Figure 24: Results from TGA of peat (left) and horse manure (right).

Figure 25: Results from TGA of straw (left) and sewage sludge
(right).

Figure 26: Results from TGA of garden waste.
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Mass Balance

155

FEEDSTOCK
Moisture
Fixed Carbon (DS)
Volatiles (DS)
Ash (DS)
C
H
S
Cl
N
O
HHV (db)
LHV (db)
HHV (ar)
LHV (ar)

STRAW
9,60%
16,90%
79,10%
4,00%

BIOCHAR
Moisture
Fixed carbon
Volatiles
Ash

32,90%
72,30%
11,50%
16,20%

47,00%
5,90%
0,09%
0,18%
0,63%
42,20%

C
H
S
Cl
N
O

76,60%
2,10%
0,21%
0,60%
0,95%
3,30%

18,63
17,35
16,84
15,45

MJ/kg
MJ/kg
MJ/kg
MJ/kg

HHV (db)
LHV (db)
HHV (ar)
LHV (ar)

kg/h
kg/h
kg/h
kg/h

Mass flow (ar)
Mass flow (db)
Mass flow (daf)

323,338301 kg/h
216,96 kg/h
kg/h

MASS YIELDS
Biochar
Pyrolysis gas

24,00%
76,00%

Mass flow
Mass flow (db)
Mass flow (daf)
Mass flow Water in Biomass

1000
904
867,84
96

QUENCHING BIOCHAR
Water content
Mass flow (db)
Mass flow (ar)
Mass flow H2O

32,9%
216,96 kg/h
323,34 kg/h
106,38 kg/h

PYROLYSIS GAS
C
H
S
Cl
N
O
Mass flow Water
Mass flow (db)

37,65%
7,10%
0,05%
0,05%
0,53%
54,48%

C BALANCE
C_feed
C_BC
C_PG
C_yield_BC
C_yield_PG

96 kg/h
687,04 kg/h
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28,15
27,7
18,89
17,78

MJ/kg
MJ/kg
MJ/kg
MJ/kg

424,88 kg/h
166,19 kg/h
258,69 kg/h
39,11%
60,89%

FEEDSTOCK
Moisture
Fixed Carbon (DS)
Volatiles (DS)
Ash (DS)

PEAT 500 °C
38,80%
29,60%
65,70%
4,70% 100,00%

BIOCHAR
Moisture
Fixed carbon
Volatiles
Ash

8,80%
72,50%
15,90%
11,60%

100,00%

80,70%
2,40%
0,61%
0,08%
2,10%
2,50%

99,99%

C
H
S
Cl
N
O

54,60%
5,30%
0,75%
0,04%
1,77%
32,90% 100,06%

C
H
S
Cl
N
O

Mass flow
Mass flow (db)
Mass flow (daf)
Mass flow Water in Biomass

1000
612
583,236
388

Mass flow (ar)
Mass flow (db)
Mass flow (daf)

QUENCHING BIOCHAR
Water content
Mass flow (db)
Mass flow (ar)
Mass flow H2O
PYROLYSIS GAS
C
H
S
Cl
N
O
Mass flow Water
Mass flow (db)

kg/h
kg/h
kg/h
kg/h

8,8%
214,2 kg/h
234,87 kg/h
20,67 kg/h
40,55%
6,86%
0,83%
0,02%
1,59%
49,27%

234,87 kg/h
214,2 kg/h
kg/h

MASS YIELDS
Biochar
Pyrolysis gas

35,00%
65,00%

C BALANCE
C_feed
C_BC
C_PG

334,152 kg/h
172,86 kg/h
161,29 kg/h

C_yield_BC
C_yield_PG

51,73%
48,27%

388 kg/h
397,8 kg/h
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FEEDSTOCK
Moisture
Fixed Carbon (DS)
Volatiles (DS)
Ash (DS)

PEAT 600 °C
38,80%
29,60%
65,70%
4,70% 100,00%

BIOCHAR
Moisture
Fixed carbon
Volatiles
Ash

35,30%
70,40%
16,70%
12,90% 100,00%
79,20%
2,50%
0,90%
0,06%
2,03%
2,50% 100,09%

C
H
S
Cl
N
O

54,60%
5,30%
0,75%
0,04%
1,77%
32,90% 100,06%

C
H
S
Cl
N
O

Mass flow
Mass flow (db)
Mass flow (daf)
Mass flow Water in Biomass

1000
612
583,236
388

Mass flow (ar)
Mass flow (db)
Mass flow (daf)

QUENCHING BIOCHAR
Water content
Mass flow (db)
Mass flow (ar)
Mass flow H2O
PYROLYSIS GAS
C
H
S
Cl
N
O
Mass flow Water
Mass flow (db)

kg/h
kg/h
kg/h
kg/h

35,3%
214,2 kg/h
331,07 kg/h
116,87 kg/h
41,35%
6,81%
0,67%
0,03%
1,63%
49,27%

331,07 kg/h
214,2 kg/h
kg/h

MASS YIELDS
Biochar
Pyrolysis gas

35,00%
65,00%

C BALANCE
C_feed
C_BC
C_PG

334,152 kg/h
169,65 kg/h
164,51 kg/h

C_yield_BC
C_yield_PG

50,77%
49,23%

388 kg/h
397,8 kg/h
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