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Biochar has been gaining popularity as a sustainable and versatile product with a wide range
of applications. It can be utilized in improving soil quality, in carbon sequestration and in
filtration applications. The problem with the current commercial production facilities is that
they are expensive and take time to get operational.

This thesis focuses on planning and implementing changes to a standard small scale heating
boiler in order to convert it into a continuous operation biochar producing unit. This would
help to grow the biochar market by making the equipment easier and cheaper to acquire, thus
promoting the production of biochar.

The modification was made by designing and manufacturing a pyrolysis chamber, a feeding
system, a removing system and a cooling system for the process. The tests conducted with
this equipment confirmed the functionality of the facility. The pyrolysis temperature in the
process is approximately 600 °C and it can produce biochar with carbon content more than
80 %. Other attributes also show good compliance with the quality mandates. The estimated
biochar production capacity with this unit is 3.4 dm?.
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Biohiili on kasvattanut suosiotaan ekologisesti kestavana ja monipuolisena tuotteena, jolla
on monia kayttokohteita. Biohiiltd voidaan kdyttada maanparannuksessa, hiilensidonnassa ja
suodatusratkaisuissa. Haasteena nykyisissa tuotantolaitoksissa on niiden korkeat
kustannukset ja pitkat kayttoonottoajat.

Tama diplomityon tavoitteena on suunnitella ja toteuttaa muutoksia normaaliin pienen
kokoluokan lammityskattilaan ja muokata siitd jatkuvatoiminen biohiilen tuotantoyksikko.
Tama auttaisi kasvattamaan biohiilimarkkinoita tekemalla laitteiden hankinnasta helpompaa
ja halvempaa, mika edistéisi biohiilen tuotantoa.

Muutosty0 tehtiin suunnittelemalla ja rakentamalla pyrolyysikammio, sy6ttd- ja poisto
jarjestelma seké jaahdytysjarjestelma osaksi prosessia. Laitteistolla tehdyt testit vahvistivat
laitoksen toimivuuden. Pyrolyysilampétila prosessissa on noin 600 °C ja laitteistolla tuotetun
biohiilen hiilipitoisuus on yli 80 %. Hiilen muut ominaisuudet my®s osoittavat, etta
laatuvelvoitteet tayttyvit. Biohiilen arvioitu tuotantokapasiteetti talla yksikélla on 3,4 dm?,
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1 Introduction

This thesis focuses on designing and implementing modifications to a regular heating boiler
transforming it into a continuous operation biochar production unit. The current production
facilities are either large and expensive or too small for adequate production. The aim of this
work is to demonstrate that it is possible to make a small-scale biochar production facility
from a heating boiler with simple adjustments and with low costs. This would help to grow
the biochar market by making the equipment easier and cheaper to acquire, thus promoting

the production.

1.1 Background

The unsustainable actions of humans take their toll on the planet. The quick industrialization
and urbanization combined with growing population have resulted in increased greenhouse
gas emissions and land use changes that alter the planets ecosystem. The burning of fossil
fuels is the most significant contributor to the greenhouse gas release and the global warming
resulting from it. Also, human actions on the land have a significant effect on the
environment. Land use changes, such as deforestation, increased agricultural activities and
converting natural ecosystems to human habitat can lead to soil degradation, loss of
biodiversity and water pollution. (IPCC, 2022)

A pressure to solve these issues has led to an increased interest in alternative means for
mitigation. Biochar is one option that is gaining popularity as a solution to these problems.
Regarding climate change, biochar can be utilized as a mean of reducing carbon dioxide
because the carbon in biomass is stabilized and bound into the biochar preventing the release
back to the atmosphere. Additionally, biochar can help with the problems related to land use
change by improving soil fertility and nutrient retention. (Ramola, Mohan, Masek, Mendez
& Tsubota 2022)



1.2 The WiseCarbon -project

The WiseCarbon is a project carried out by Hame University of Applied Sciences and this
thesis is made as a part of it. The aim of the project is to develop the biochar market and
make it more accessible by modifying a small-scale heating boiler in a way that in addition
to heat it also produces biochar. Essentially there are six work packages in this project,

however, this thesis is only focused on the first two work packages.
WP 1. The planning and implementation of hybrid-biochar-heating boiler modification.

The aim is to plan and modify a ready-made small scale heating boiler so that

it produces biochar, other pyrolysis products and heat continuously.
WP 2. Performance testing of the hybrid-biochar-heating boiler.

Determination of the operational parameters and performance of the hybrid
boiler using wood pellets and other regional side stream biomasses.

WP 3. Emission reduction using pyrolysis.

Reviewing effects of pyrolysis on the emissions of small-scale energy

production.
WP 4. Review of the business models

The aim is to create new business models for regional small scale biochar
production and for promotion of the production as a part of handling regional

side streams sustainably.
WP 5. Reporting of the project.

The aim is to increase the interest in regional small-scale production of biochar
and to take the projects know-how to manufacturers and to others that are
interested in the equipment and biochar.

WP 6. Planning of the technology scaling.

The aim is to ensure that the technology created in the project is scaled for
more useful entity and for commercialization. In addition, the results of the
other work packages are assembled into one easy to understand package for

the stakeholders.



1.3 Research objectives

This thesis focuses on the designing and implementing the modifications to a small-scale
boiler, which make the production of biochar possible. The second main goal is to create a
system which enables the production to be continuous. Thirdly, the quality of biochar is

assessed.

1.4 Structure

In the first part of this thesis, chapter 2, the general theory related to the pyrolysis of biomass
is examined based on literature. This includes a description of the different types of
pyrolysis, the products received from pyrolysis and the different parameters affecting the
yield of the products. In chapter 3, the different applications of biochar are introduced.
Chapter 4 gives insight to the biochar technologies currently in use in the market. The
practical part of this thesis starts in chapter 5, where the equipment involved in this project
are described. It is followed by the actual experimental work done with the equipment.
Finally, in the chapter 7 the results of the experimental work regarding the capacity of the

system, the quality of the product and economic viability are examined.
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2  Pyrolysis of biomass

This chapter gives insight on the pyrolysis reaction, pyrolysis products and the product yield
when pyrolyzing biomass. In pyrolysis, solid matter is heated in absence or in low
concentrations of oxygen. This results in thermal decomposition of the matter and produces
a range of products. These feature liquid, gaseous and solid products. The equation below

illustrates a simplified process. (Basu 2018)

CnH,0, = Z CyH, 0, + Z C,H,0, + H,0 + C
Liquids Gases
When assessing the pyrolysis process from a thermal point of view, it can be divided into
four stages. The first stage is drying, which happens at low temperature (<100 °C). During
this phase the free moisture in the biomass is released and heat is conducted inside the
biomass. The second phase is called initial stage, where rest of the moisture as well as low-
molecular gases such as CO and CO: are released. The primary pyrolysis occurs in
temperature range of 200 — 600 °C. At this stage the biomass is decomposed into char,
condensable gases and non-condensable gases. From ~300 to 900 °C, there is a possibility
for formation of secondary char from condensable gases. This happens when the released
vapors reside inside the biomass long enough. These stages are not strict, and they typically

overlap especially in larger particles. (Basu 2018)
2.1 Pyrolysis types

Pyrolysis can be essentially put into three categories based on the operation conditions.
These categories are slow, fast and flash pyrolysis. In the slow or conventional pyrolysis,
the primary goal is to maximize the char production by operating the process in low
temperatures and extended periods of time. The final temperature in this type of process is
around 400 °C and the heating rate around 0.1 — 1 °C/s. (Basu 2018)

Fast pyrolysis on the hand focuses on producing as much of liquid and/or gases as possible.
It features high heating rate, which minimizes the char formation and to achieve that, the

feedstock is usually grinded to small particles. Depending on which kind of products are



11

desired, the final temperature is ranging from 450 up to 1000 °C. The vapors formed in the
pyrolysis process are quickly removed from the reactor and cooled to receive bio-oil. (Basu
2018)

The difference between fast and flash pyrolysis is often slim. A typical separating factor is
heating rate. In fast pyrolysis the heating rate is somewhere around few hundreds of degrees
per second whereas in flash pyrolysis it could be up to thousands of degrees per second. The
final temperature is similarly decided based on the desired yield. Final temperature is usually
from 650 to 1000 °C. (Basu 2018)

In the table below there are described the different characteristics of the three pyrolysis types.
The parameters include the solid residence time, the gas residence time, the heating rate, the
particle size and the final temperature.

Table 1. Pyrolysis types and their characteristics. (Balat, Balat, Kirtay & Balat 2009, Basu 2018)

) ) Gas ) ) Final
] Solid residence ) Heating rate  Particle
Pyrolysis type ) residence ) temperature
time [s] ] [°C/s] size [mm]
time [*C]
Slow 450-500 Minutes 0.1-1 5-50 400
Fast 0.5-10 <3s 10-200 <1 425-1000
Flash <05 0.03-15s >1000 <0.2 650-1000

2.2 Pyrolysis products

As said before, the pyrolysis process produces three primary products: char, liquids and non-
condensable gases. This chapter gives some more insight to the properties of the products.

2.2.1 Liquids

The liquid product of pyrolysis also known as bio-oil is produced by condensing the vapors
formed in the pyrolysis process. It is a mixture of water and organic chemicals. Chemical
functional groups in bio-oil include for example carbonyls, carboxyls and phenolics. The

water content in typically around 15 — 35 % of the weight, which affects negatively to the
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heating value and flame temperature of bio-oil. The lower heating value is around 17 MJ/Kkg,
which is significantly lower than for example diesel with LHV of 42.5 MJ/kg. Generally,
the LHV of bio-oil is 40 — 50 % of those of fossil fuels. (Jahirul, Rasul, Chowdhury &
Ashwath 2012)

Bio-oil can be used to replace fossil fuels in power and heat generation as well as in
transportation. Also, the production of various chemicals is possible from bio-oil. However,
there are some challenges in implementing bio-oils into technology designed for
hydrocarbon fuels. First off, the water in bio-oil causes low combustion temperatures, low
combustion rates and also causes problems in ignition. On the positive side however, water
can improve atomization properties, because of lesser viscosity. Also due to reduced flame
temperatures, the NOx-emissions are reduced. The share of solids in bio-oils is higher than
in hydrocarbons and it can cause some problems in the combustion systems. These problems
include erosion in the pumps, clogging in the nozzles and erosion and corrosion in the hot
surfaces. Also, particulate emissions are increased. (Lehto, Oasmaa, Solantausta, Kytd &
Chiaramonti 2013)

Storing of the bio-oil poses some challenges as well. Bio-oil is not as stable as fossil fuels
due to high concentration of O -compounds, which continue their reactions in the liquid.
This ageing of the liquid can be observed as viscosity increase, phase separation, formation
of a tar-like substance and char/coke formation from the “tar”. This ageing phenomenon is

increased with temperature. (Lehto et al. 2013)

2.2.2 Gases

Not all gases that are produced can be condensed into bio-oil. The remaining gases are called
non-condensable gases. These gases can be further divided into primary and secondary
gases. Primary gases are formed from the thermal decomposition of biomass. The formation
of secondary gases can occur if the condensable vapor is kept in the reactor long enough to
go through secondary reactions forming char, tar and secondary gases. Both of these gases
mainly consist of carbon dioxide, carbon monoxide, different hydrocarbons and hydrogen.
However, there are some differences in the heating value of primary and secondary gases.
The lower heating value of primary gases is around 11 MJ/m?, whereas the LHV of

secondary gases can be up to 20 MJ/m?. (Basu 2018)
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Pyrolysis gas can be used in many different applications. First off, they can be utilized
directly as a fuel in heat or power generation, for example in internal combustion engines.
Similarly, they can be utilized in transport sector. Pyrolysis gases can also be used to produce
the individual gas components like hydrogen and methane. Also, the production of liquid
fuels is possible with synthesis. Before the pyrolysis gas can be used in these applications,
it must be purified to get rid of unwanted components such as tars, dust, heavy metals,

ammonia, hydrogen sulfide, hydrogen cyanide and steam. (Kan, Strezov & Evans 2016)

2.2.3 Solids

The solid leftover of pyrolysis of biomass is called char or biochar. It is the remaining
product after moisture and volatile compounds are released. During the pyrolysis process,
the biomass undergoes a number of changes on its way to biochar. First of all, the density of
the material is decreasing with the release of moisture and volatiles. In one study the density
decreased from 700 kg/m? of raw biomass to around 300 kg/m?® during pyrolysis. Most of
that decreased was caused by exiting moisture. Due to the same reason, the fixed carbon
content of the biomass is increased during the process. In raw biomass, the fixed carbon
content is around 10 — 30 % and depending on the pyrolysis temperature, the share of fixed
carbon can be even more than 90 % in biochar. To get these sorts of carbon contents, the
pyrolysis temperature should be around 700 °C. This high carbon content causes the heating
value of the material to increase. Raw biomass has a heating value of around 15 — 20 MJ/kg.
During the pyrolysis process it can be increased up to around 30 — 35 MJ/kg. The chemical
composition of the biomass changes as well. Hydrogen and oxygen content decreases as the
carbon share increases. Biochar that has low hydrogen to carbon ratio tend to have more
aromatic structures, which leads to biochar being more stable thermodynamically. Stability
is a useful trait for some biochar applications like soil amendment and metallurgical uses.
Another mentionable change is an increase of alkalinity and following increase in pH-value.
Biochar produced in temperatures above 500 °C can have pH-values up to 10 — 12, when
raw biomass typically has pH-values ranging from 5 to 7.5. This increase is quite beneficial
especially for agricultural uses. Also related to agricultural uses is the cation exchange
capacity or CEC of biochar. The CEC measures the amount of cations that can be absorbed
or exchanged by the char and is one of the attributes when examining the fertility of a soil.

This is because most of the nutrients are in ionic form when utilized by plants. The cation
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exchange capacity is affected by the surface properties of the char. During pyrolysis, there
occurs some reformation and rearrangement of chemical bonds and different functional
groups form on the surface of the char. These functional groups determine the characteristics

for the ability to bind certain elements to the surface of the char. (Weber & Quicker 2018)

One distinctive feature of biochar is its porosity. As volatile gases escape from the biomass,
they leave a porous structure behind. Generally higher pyrolysis temperatures lead to more
porous end product. Higher porosity not only affects the density of the biochar, but also other
properties such as water holding capacity and mechanical stability. (Weber & Quicker 2018)

2.3 Yield

The yield of pyrolysis products is dependent on many things. These things include the type
of pyrolyzer used, the physical and chemical composition of the pyrolyzed matter as well as
operational parameters such as heating rate, end temperature and residence time. (Balat et
al. 2009) The table below illustrates the yield from the three different types of pyrolysis:
slow intermediate and fast. In the slow pyrolysis, the temperature was around 400 °C and in
the intermediate and fast it was around 500 °C. It can be observed from this table that
generally the slow pyrolysis yields even share of products and the faster the pyrolysis gets

the more liquids and less char and gases are produced.

Table 2. Pyrolysis product yield under different conditions. (Balat et al. 2009)

Yield [%]
Pyrolysis type Liquid Char Gas
Slow 30 35 35
Intermediate 50 20 30

Fast 75 12 13
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2.3.1 Effect of biomass composition

In order to understand how the composition of biomass affects the yield of pyrolysis
products, it is good to know the components that form lignocellulosic biomass. These
components are cellulose, hemicellulose and lignin. Typically, cellulose contributes around
40 to 80 % of the content of biomass. For hemicellulose and lignin, the typical shares are 15
— 30 % and 10 — 25 % respectively. In forestry biomass the lignin contents are usually
greater, whereas in herbaceous and agricultural biomass have higher cellulose and
hemicellulose content and lignin plays a lesser role. Each one of these are different when it

comes to pyrolysis process. (Wang & Luo 2017)

First of all, the temperature ranges where the process starts are diverse. Let’s first inspect
cellulose, which deserves most attention being the main component of lignocellulosic
biomass. The thermal decomposition of cellulose is a multi-stage event. It starts with water
evaporation, continues with glass transition stage and then enters the main pyrolysis stage
where most of the volatiles are released and finally carbonization stage. The main pyrolysis

of cellulose is observed to occur in a temperature range of 270 — 420 °C. (Wang & Luo 2017)

Hemicellulose is composed of monosaccharides such as xylose, mannose, galactose and
arabinose. All the components have a bit different reaction when it comes to pyrolysis, but
generally the thermal decomposition starts in a lower temperature than cellulose, around 200
°C, and the temperature range for volatile release is about 200 — 400 °C. (Wang & Luo 2017)

The third component of lignocellulosic biomass, lignin, has also different behavior when it
comes to pyrolysis. Lignin has a complex structure and the behavior during pyrolysis is hard
to accurately portray. Typically, the pyrolysis of lignin takes place in a wider temperature
range than those of cellulose and hemicellulose, around 200 — 500 °C. (Wang & Luo 2017)

The product yield is different depending on which of the three components is in question.
Cellulose and hemicellulose produce the most of volatiles. More specifically, pyrolysis of
cellulose contributes the lion’s share of produced condensable vapors. Hemicellulose on the
other hand is a greater source of non-condensable gases than cellulose. Pyrolysis of lignin
contributes more to the char yield, but also produces moderate amount of liquid products.
(Basu 2018) The share of the pyrolysis products of each component is not at all fixed, but
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the yield is heavily dependent on the pyrolysis temperature. Next the effect of temperature

is inspected more in depth.

2.3.2 Effect of pyrolysis temperature, heating rate and residence time

Both the final temperature also known as the pyrolysis temperature and the heating rate to
said temperature have major impact on the composition and yield of the process products.
Generally lower pyrolysis temperatures produce more char and as the temperature is

increased, the yield is dominated by other products. (Wang & Luo 2017)

As discussed before, the different components of lignocellulosic biomass contribute
differently to the yield, so they are also inspected individually when it comes to pyrolysis
temperature. Next is presented some product yield curves of these components as a function

of pyrolysis temperature.

The figure 1 illustrates the product yield of cellulose pyrolysis. It can be seen that while the
char yield decreases with increasing temperature, the bio-oil yield rapidly increases and
reaches maximum value at around 610 °C. After that it starts to decrease as rising

temperatures promote more gas production. Biochar yield is negligible after around 600 °C.

1 -
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Figure 1. The product yield of cellulose pyrolysis as a function of temperature. (Wang & Luo 2017)
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Below in figure 2 is illustrated the product yield of xylan pyrolysis, which is one type of
hemicellulose. In this figure, the tar represents the liquid yield of pyrolysis. In the case of
hemicellulose, the product yield doesn’t experience as great fluctuation as in the case of
cellulose. However, it shows a similar tendency meaning that yield of gases increases with

temperature increase and char and liquid yields decrease.

501 - Tar

—8—(Gas
45 - —— Char
40

Yield (ofo)
w w
o v
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]
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Figure 2. The product yield of hemicellulose pyrolysis as a function of temperature. (Wang & Luo 2017)

Similar to the pyrolysis of cellulose, in the pyrolysis of lignin, the char yield is dominating
in temperatures below 300 °C. Above that, the share of gases and bio-oil is increased, while
the yield of char decreases as it can be seen from the figure 3 below. The bio-oil reaches its
peak yield at around 700 °C and continues to decrease while the gas becomes the dominant

product.
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Figure 3. The product yield of lignin pyrolysis as a function of temperature. (Wang & Luo 2017)
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The general effect of temperature increase on biomass pyrolysis product yield can be seen

from the following figure 4. As noted earlier with the pyrolysis of different components, the

char yield drops, and the yield of other products increase as pyrolysis temperature rises. It is

also worth pointing out that higher temperature leads to more carbon rich char, which can

be observed as the increasing heating value of the char.
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Figure 4. The product yield of biomass pyrolysis and the heating value of char as a function of temperature.

Replotted from Encinar, Beltran, Bernalte, Ramiro & Gonzéalez 1996.
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Temperature is not the only parameter affecting the yield. The heating rate to the pyrolysis
temperature is also noticed to have an influence on the product yield. If the main goal is to
produce as much char as possible, one should use a slow heating rate leading also to low
pyrolysis temperature. On the other hand, if liquid yield is the most desired one, high heating
rate is the route to take. For maximum gas production, a moderate or slow heating rate should
be used. (Basu 2018)

In addition to temperature related parameters, one important factor in affecting the yield is
the residence time of the volatile gases. The residence time is primarily controlled by the
flow rate of a carrier gas which helps to remove the volatile gases from the reactor. A longer
gas residence time leads to an increased yield of gases through secondary cracking of the
volatiles. Concurrently the yield of bio-oils decreases. The effect on char formation is almost
non-existing. The reason for this is that low residence time means a greater flow of carrier
gas which also cools down the biomass and promotes primary char production. On the other
hand, if the residence time is longer, the production of secondary char compensates the

decreased amount of primary char. (Wang & Luo 2017)



20

3 Biochar applications

Because the primary interest of this project is the production of biochar, it is important to be
aware of the many applications this product has. This chapter gives information of the uses
of biochar and also the different methods for modification of biochar for enhancing its

properties. Also, a brief glance is taken into the quality parameters of biochar.

3.1 Applications

Biochar is a multipurpose product with some well researched applications and also new
emerging applications gaining popularity. Below is illustrated different applications of

biochar.

Soil
improvement

Carbon
sequestration,

Biochar

Contaminant
abroption

Figure 5. The applications of biochar.
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3.1.1 Soil improvement

Land degradation is recognized as a major problem all around the world and it affects
people’s livelihood and natures ecosystems negatively. It causes problems like reduced crops
followed by food insecurity and poverty especially in the developing countries. Up to one
quarter of the planets land area is experiencing land degradation in some form with
agriculture being the most significant driver. (Olsson, Barbosa, Bhadwal, Cowie, Delusca,
Flores-Renteria, Hermans, Jobbagy, Kurz, Li, Sonwa & Stringer 2019) This creates a
demand for methods to improve the quality of the soil and biochar could play an important

role in this.

Applying biochar is improving the soils physicochemical properties as well as biological
activity and the nutrient content. Physiochemical properties of soil include physical
attributes such as structure, density, particle size and porosity, as well as properties like pH-
value, water holding capacity, cation exchange capacity and nutrient availability. (Ramola
et al. 2022)

As mentioned in the chapter 2.2.3., biochar is known for its porous nature, good mechanical
stability, and its ability to retain water when added to the soil. These properties come in
handy for example in sandy soils, where the structure is loose, water permeability is high,
and the overall fertility of the soil is poor. Biochar improves the surface area of the soil and
also adhesion of the particles in the soil. The water holding capacity of biochar is very

beneficial for the soil especially in the regions with high water stress. (Ramola et al. 2022)

The pH-value of biochar can be up to 10 — 12. Plants preferably need a soil which has a pH
value between 6.5 and 7. Most soils in the developing countries have acidic soils with a pH-
value of 4 — 5.5. Insertion of biochar can help the soil to become more basic and to provide
a better bed for the plants to grow on. In some cases, it can also be beneficial to make the
biochar slightly acidic for it to be used in alkaline soils to reduce the pH levels making it
more available to some nutrients such as kalium and some micronutrients. However, the
addition of biochar has to be made in a controlled way. For example, phosphorous, which is
an essential nutrient for plants, has the best availability in soils that have the pH-level ranging
from 5.5 to 7.5. Also other key nutrients like nitrogen is found to have benefited from the
addition of biochar to the soil. Biochar can either be a supplier of nutrients on its own or act

as a conservation agent for nutrients originated from fertilizing the soil. (Ramola et al. 2022)
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The effect on the soil is dependent on the biochar properties. Biochar produced from
different raw materials have different features. Lignocellulosic biomass for example creates
biochar that has very good pore structure, which helps with retaining water in the soil. On
the other hand, more nutritious raw materials like manure creates nutrient rich biochar
helping with the fertility of the soil. Mixing biochar with other sources of nutrients naturally

increases the effect. (Ramola et al. 2022)

The improvement in physicochemical properties induced by the insertion of biochar to the
soil also enhances the biological activity in the soil. The countless small pores and the
nutrients contained in the char create an excellent environment for microbial growth. The
high carbon content and water holding capacity further increase the biological activity. All
and all it is safe to say that a correct use of biochar improves the productivity of a soil.
(Ramola et al. 2022)

For basic soil amendment, one should add about 3 — 4 cubic meters or 1 — 1.2 tons of biochar
per hectare. After the biochar has been inserted, the carbon can be maintained by adding 200
— 250 kilos of biochar per hectare. Usually, the biochar is added to the fields mixed with
other substances like sludge or some other fertilizers. Also, it is possible to make a green

mass-based mix with biochar sort of like compost. (Carbons Finland 2021)

3.1.2 Carbon sequestration

Carbon dioxide emissions alongside other greenhouse gas emissions are recognized as the
primary driver of climate change. The levels of CO> in the atmosphere have been rising
constantly since the industrialization started, which increases the global mean temperature.
The Paris agreement aims to limit the global warming to 1.5 °C compared to the pre-
industrial levels. Currently the global mean temperature increase is around 1 °C (NASA
2023, NOAA 2023). Temperature increase causes unpleasant changes in the global climate,
which can result to extreme weather phenomena such as droughts, heat waves and increased
storms. Also melting glaciers cause the sea levels to rise, which could be problematic for

some coastal areas.

Plants absorb carbon dioxide from the atmosphere and together with sunlight and water

produce oxygen and biomass. However, when the plants die or are used for human purposes
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like energy production, the carbon is released back to the atmosphere. Carbon sequestration
is a way to reduce the amount of carbon dioxide in the atmosphere. It basically means
capturing the CO> and storing it in a way that it is not released back. During pyrolysis, the
biomass used as a raw material is transformed into a form that does not decay easily and so
can act as storage of carbon in the soil. Produced biochar is very stable and the carbon
residence time can be up from hundreds to thousands of years. Obviously not all the carbon
in the raw material can be stored due to volatile release during pyrolysis, but the share of
stored carbon can be up to 50 % of the initial value. (Singh & Singh 2020)

In addition, biochar can also act as an absorbent material to capture carbon dioxide before it
is released to the atmosphere. The capacity of CO» absorption depends on the properties of
the biochar such as the surface area, pore size, surface functional groups and aromaticity. To
maximize the absorption capacity, one should also maximize the specific surface area of the
biochar. Also, it is possible to modify the biochar with different chemicals to increase the
absorption capacity. The addition of nitrogen as well as some alkaline metal oxides such as
magnesium, aluminum, iron and nickel have been studied to enhance the CO; absorption of
biochar. (Ramola et al. 2022)

There are certain limitations to the production of biochar. Mainly the limitations come from
the sustainability of the production the used biomass. Raw material for the pyrolysis must
extracted in a way that it doesn’t create unnecessary risks to the environment or to human
wellbeing. With sustainable production of biochar, the potential of the CO, offset could be
up to 1.8 Gt of CO»-eq annually. (Amonette, J.E., Woolf, D., Street-Perrott, F., Lehmann, J.
and Joseph, S., 2010) For reference, the total global greenhouse gas emissions in 2021 were
40.8 Gt of CO2-eq (IEA 2022). This means that almost 5 % of the global emissions could be
offset with the utilization of biochar as a carbon sink. The offset of the final product varies
depending on the raw material and the production process. Carbons Finland advertises that
their biochar has an offset value of 1.2 tons of CO2 eq per one cubic meter of char (Carbons
Finland 2021). Another Finnish company, Carbofex, states that their biochar offsets 3.5 kg
of CO; per one kilogram of biochar. With the density of their biochar being 115 kg/m?3, the
offset per cubic meter comes up to 400 kg of CO>. (Carbofex 2023)

Due to this feature of removing CO. from the atmosphere, biochar can act as a part of the
carbon credit market as well. The concept of biochar carbon credits is that the producers of

biochar earn carbon credits for the amount of carbon that is sequestered by their product.
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The credits can then be sold on carbon credit markets to companies or organizations that
wish to offset their emissions. Overall, the biochar carbon credit system promotes the use
and the production of biochar and creates economic opportunities for the stakeholders.
Puro.Earth is one platform for the carbon credit market. They are issuing CO2 Removal
Certificates or CORCs, each one representing 1 ton of carbon dioxide removed from the
atmosphere. The biochar producers are audited to make sure that their product and the
process is carbon negative and meets the standards for CORCs. Currently in Puro.Earth,
there are 30 companies involved in supplying biochar for these credits. The prices of CORCs

are ranging from 110 € up to 500 € and averaging around 200 — 300 €. (Puro.Earth 2023)

3.1.3 Absorbent of contaminants

Some metals like zinc, iron and manganese are required for the normal operation of most
living plants and animals. On the other hand, there are metals which in even small
concentrations cause harm to the living organisms. Examples of these metals are lead,
mercury and arsenic. Due to human activity, the concentration of these toxic metals has
increased in soils and also in water bodies. There are multiple techniques for the removal of
these contaminants from the soil that include for example adding binding agents to
immobilize the metals or physically extracting the contaminated soil. When added to the
soil, biochar due to its porous nature and surface functional groups will attract metal ions to
its surface binding them and thus making them unavailable for the plants. The biochar
production parameters affect the biochars abilities to act as an adsorbent. Generally,
pyrolysis temperatures under 500 °C produce biochar, that has favorable properties for heavy
metal adsorption. In addition to the direct adsorption of the metals, the insertion of biochar
to the soil gives additional means for heavy metal reduction. This relates to the biochars
ability to improve the physicochemical properties of the soil. For example, higher the pH-
value in the soil is, the better it reduces the mobility and bioavailability of some metals such
as lead and cadmium. The cation exchange capacity and the surface functional mentioned

earlier also play a role in the ability to absorb metal ions. (Singh & Singh 2020)

In addition to heavy metals, there are emerging contaminants that may be harmful for living
organisms and should be removed from the soil or aqueous medium. These contaminants

can include for example chemicals from pharmaceuticals, personal care products or
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industrial sewage. The biggest problem with these contaminants is that the conventional
methods for purification in wastewater treatment plants don’t work that well for them.
Carbon based materials have been studied for adsorbing these emerging contaminants and
they have shown some good results. Especially with its modifiability for different
contaminants, biochar can be an excellent tool for this application. (Ramola et al. 2022)

3.1.4 Other applications

In addition to the main application of soil amendment, carbon sequestration and contaminant
adsorption, biochar also has other emerging points of utilization. One recent topic of interest
is the use of biochar in supercapacitors, more specifically as the electrode of the
supercapacitor. Supercapacitor can be used as a storage for electrical energy for a short
period of time. Biochar derived from certain raw material have favorable properties when it
comes to the demands of the electrodes such as large surface area, high electric conductivity
and chemical stability. Also, the cheap and environmentally friendly production method
makes biochar a solid option for this application. (Ramola et al. 2022)

Second application that has raised a lot of attention is the use of biochar in construction. Due
to its properties, biochar can be utilized for example an additive in cementitious compounds.
Some advantages related to the usage of biochar in cement include better thermal insulation
in the cement due to pores in biochar decreasing the heat transfer rate. Also, the ability to
retain water is a valuable attribute in humidity control. Biochar has also been investigated to
have an effect to the physical, mechanical and durability properties of cement. There has
been reported some decrease in density, a slight increase in compressive strength and
flexural strength and improved durability in higher temperatures. However, this field of
biochar usage has mainly been studied in lab conditions, so real life applications are needed
to verify the results. (Ramola et al. 2022)

Third interesting use of biochar is its use in animal farming. It can be used in both as a
bedding material and as a feed supplement. As a feeding supplement, biochar has shown
some good results improving the health of the animals. It is mainly due to helping with the
digestive system of the animals. Also, it has been reported to improve the growth of the
animals by increasing the nutrient intake and feed conversion ratio. Similar results have been

received from several farm animals including cattle, pigs, poultry and fish. The sorption



26

capacity of biochar is also beneficial for the removal of toxins in the animals’ bodies and
also from the general surroundings reducing the possible spreading of diseases. In poultry,
the addition of biochar to the feed is noticed to have an improving effect on the blood quality
and reducing harmful pathogens thus possibly reducing the need for antibiotics. (Ramola et
al. 2022)

3.2 Modification of biochar

In order to receive the best possible effect in different applications, biochar has to be
modified. The modification differs depending on the desired use. Ultimately there are three

main modification methods: physical, chemical and biological treatment.

The physical treatment is done to increase the surface area of the char by unclogging some
of the blocked pores and also to increase the carbon content. These modifications include
two main steps; activation and carbonization, and they are usually performed with thermal
treatment and using gases such as hydrogen, oxygen, carbon dioxide and steam. Activation
can also be performed for example with microwave, plasma, or ultrasound. The char is
exposed to these gases in heated environment for an extended period of time. The activation
temperature is usually around 700 — 900 °C and the holding time in that temperature can
range from minutes to few hours (Sakhiya & Anand 2020). The properties of the final
product depend on the activation agent. For example, CO; activation has been studied to
increase the yield of the char compared to steam activation. Whereas ozone is a great
activation agent when it comes to increasing the adsorption capacity and cation exchange
capacity of the char. (Ramola et al. 2022)

Chemical treatment aims to enhance the physical, chemical and electric properties of
biochar. In addition, it aids in removal of heavy metals. There are a few chemical
modification practices in use. These modifications include acidic, alkaline, oxidizing agent
and metal salts modification. In acidic and alkaline modification, the biochar is soaked in
either acidic or alkaline solution for a period of time and then washed and dried. Acidic
modification is done in order to get rid of impurities and ash and to generate new acidic
functional groups on the surface of the char. Acidic treatment also improves the
hydrophilicity of the biochar. The objective of the alkaline modification on the other hand

in to improve the surface area and to create alkaline functional groups. After alkaline
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treatment, biochar tends to be somewhat hydrophobic and has enhanced ability to absorb
negatively charged and organic contaminants. Metal salts and metal oxides are used to
modify the catalytic, magnetic and adsorption properties of the char. This metal modification
is also useful for the recycling of the biochar after its use making the char magnetic and thus
making it easier to extract. Also, the surface area of the char is greatly improved as a result
of this modification. The metal treatment can be carried out either before pyrolysis by mixing
the metal salts or oxides with the raw material or after the pyrolysis process. The metals
usually used in these modifications are iron, magnesium, aluminum and manganese.
(Ramola et al. 2022)

The third modification method, biological modification, relies on microorganisms
occupying the surface of the biochar. This creates a favorable environment for adsorption of
contaminants. This modification can be done with symbiotes like earthworms, that first eat
the biochar and then discharge a char rich with enzymes, microbes and nutrients. Another
way to receive biologically modified biochar is to pyrolyze anaerobically digested biomass.
Biochar produced from this kind of material provides better specific surface area, cation
exchange capacity and alkaline pH-value than char from regular biomass. Biologically
modified biochar is usually utilized in purifying water from organic, inorganic and biological

contaminants that cannot be removed with conventional methods. (Ramola et al. 2022)

3.3 Biochar quality parameters

When assessing the quality of the produced biochar, there are some important properties that
need to be measured. There are a few guidelines made for this kind of evaluating, including
the International Biochar Initiative (IBI), the European Biochar Certification (EBC) and the
Biochar Quality Mandate (BQM). These guidelines have standards for the feedstock,
production process and the quality of the biochar. By utilizing these types of standards, the
producers and the consumers can ensure high quality and minimal stress to the environment.
The first one of these properties is the carbon content of the biochar. In the EBC, the limit
for the carbon content has previously been above 50 %, but some agricultural biomasses
have shown good results also with lower carbon contents, so the limit is currently being
reassessed. In the IBI and the BQM guidelines, the carbon content is set to be a minimum of

10 %, although in the IBI standards the produced char is divided into three quality classes
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based on the carbon content. Above 60 % carbon content qualifies as the first class, above
30 % as the second class and the rest as the third class. One of the most important measures
of the degree of carbonization and thus the stability of the biochar is the molar ratio of
hydrogen and carbon. This ratio should be below 0.7 for the char to qualify as a good product.
This value is constant in all three of the standards. Another evaluative molar ratio is the ratio
of oxygen and carbon. The limit for this value is set as 0.4 in the European Biochar
Certificate. In the other standards there is no limiting value for this attribute. In order to use
the biochar in agricultural applications, the limit values for heavy metal contents and PAH
contents must not be exceeded. There are several other parameters that are required to be
declared, such as the amount of ash, the macronutrient contents, the heavy metal contents
and the pH-level to name a few. The most important parameters of biochar and their limit
values in order to receive a EBC certification can be found from appendix 1. (EBC 2022),
(IBI 2015), (Shackley, Ibarrola Esteinou, Hopkins & Hammond 2014)

In addition to biochar quality, there are some restrictions regarding the raw material used as
well as the pyrolysis process. Following the EBC, only biomass and non-fossil carbon can
be used as a feedstock. Paint, solvents, and other harmful compounds are not permitted in
feedstock for soil and agricultural uses. Furthermore, the amount of plastics in the feedstock
cannot exceed 1% of the total mass. If biomass is specifically grown for the production of
biochar, it must be made sure that it is done in a sustainable fashion. In terms of the pyrolysis
process itself, all heat must come from renewable sources, with the exception of the process's
initial start. The formed pyrolysis gases must be either burned or collected. Regarding the
pyrolysis temperature, fluctuations of more than 20 % of the declared temperature are not
allowed. For monitoring purposes, each production batch must be registered. The
registration includes information about the feedstock, the operating conditions of the process
and the quality of the product. (EBC 2022)
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4 Current production technology

In the past, the primary method for pyrolysis was a beehive oven with a primary interest of
producing char. The production units were batch type, and the operation time was long.
Nowadays the main interest usually lies in the product gas and the liquids derived from it.
There are a few different types of pyrolyzers. The main ones are fixed or moving bed,
bubbling fluidized bed, circulating fluidized bed, ultrarapid reactor, rotating cone, ablative
reactor and vacuum reactor. From these pyrolyzer types only fixed or moving bed and
vacuum reactor are primary used for char production and the others for liquids. Since the
main goal in this project is the production of biochar, more focus is put into char production
reactors. From these two, the vacuum reactor is less utilized. As the name suggests, the
vacuum pyrolyzer relies on creating a vacuum in the chamber. The biomass travels through
the reactor and is pyrolyzed on the way. The released volatiles are collected and guided
through a condenser. The vacuum reduces the pressure inside, which lowers the boiling point
of the products and makes the separation easier. The liquid yield in this kind of pyrolyzer is
around 35 to 50 %, with a greater focus on the production of char. (Basu 2018)

Another and more common type of biochar production facility is a fixed or moving bed
pyrolyzer. A fixed batch type of reactor is good for a small-scale production and for research
purposes, but if larger quantity of biochar is desired, the production plant should be
continuously operational and automated as much as possible. One of the most promising
technologies in the continuous operation pyrolysis systems is the auger reactor. This
technology features a conveyor screw, which carries biomass through a heating zone in
which the pyrolysis process takes place.

The heating of the reactor is done either by heating the walls of the reactor with electricity,
with auxiliary fuel or by combusting the volatile gases released in the process. By utilizing
the gases as a heat source, the process is self-sufficient from the thermal point of view. Only
a little of external heat is required to get the process started. The excess leftover heat can be
used in for example heating buildings or other thermal applications. Another option for
heating is to use heat carrying materials such a sand or ceramic pellets. The wall heating is
more used with slow and intermediate pyrolysis and the second option with fast pyrolysis.

The auger pyrolyzer has many advantages when it comes to the effectiveness of the system.
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First of all, the rotational movement of the screw mixes the raw material, creating a more
uniform heat transfer condition. The control of the mass flow rate as well as the residence
time is excellent making the system versatile for different purposes. The relatively small size
of this kind of a reactor is beneficial because it requires lesser amount of heat for the
pyrolysis and also making it a viable option for mobile applications. The small size usually
also comes with a reduced price tag. (Campuzano, Brown & Martinez 2019) For these
reasons, the auger reactor has become probably the most popular option for slow pyrolysis
units. The figure below illustrates the principle of the auger pyrolyzer with an external burner

to utilize the gases as a heat source.
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Figure 6. A simple schematic of the auger pyrolyzer.

4.1 The energy balance

One of the most interesting things in these type of pyrolysis unit is the possibility for it to be
self-sustaining in terms of thermal energy. In the process energy is needed first for the drying
of the biomass and later for the pyrolysis process. This energy can be supplied from
combusting the gases released from the pyrolysis process. Klinar (2016) has made a
generalization of the energy balance for slow pyrolysis process, which proves that when
constructed right, the process is autothermal. According to his study, the process would only
need 26 % of the energy that is put into the process in a form of biomass. From this 26 %,
17 % can be recovered later on but 9 % is lost as heat loss from the system. The rest of the

energy is leaving the system as biochar and as heat that can be used for different applications.
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Percentage wise, the biochar constitutes 45 % of the output and heat 29 %. In the
calculations, it was assumed that all the released volatiles are combusted directly. (Klinar
2016)

4.2 Equipment manufacturers

There are a few manufacturers that make medium to large size biochar production facilities
featuring the auger reactor. A German company Pyreg GmbH manufactures modular and
scalable units, currently having two different sized units, PX 500 and PX 1500, with a fuel
capacity of 500 and 1500 kW. The annual capacities of biochar production are 300 tons and
900 tons respectively. As a primary heat source, the units use the heat from the combustion
of the volatile gases. The extra heat can be utilized as hot water, steam or thermal oil with
maximum thermal powers of 200 kW and 600 kWi depending on the model. Raw material
wise, the units are highly flexible. The input materials include for example various
biomasses, manure and tires. (Pyreg 2023) Another German company, Biomacon GmbH,
makes medium and large capacity biochar production units. Their farm edition unit ranges
from 40 to 160 kW of nominal heating power. The industrial size unit has a nominal heating
power of 250 to 400 kW. The biochar production capacities of these two units ranges from
7 to 25 kg/h and from 46 to 64 kg/h respectively. Regarding the raw material, the units can
utilize large selection of biomasses. However, there is some restrictions for the material. The
moisture content should be below 30 % and the piece size below 70 mm. Also, metals and

plastics are not permitted in the raw material. (Biomacon 2023)

4.3 Biochar production and market in Finland

At the moment, there is only one commercial biochar production company in Finland,
Carbofex Ltd. The company is located in Nokia and their first plant has been operational
since 2017. Their facility has a production capacity of 140 kg of biochar per hour
simultaneously producing 1 MW of heat. Per annum it can produce up to 1000 tons of char,
600 tons of bio-oil and around 8000 MWh of heat. (Carbofex 2023) Carbofex has plans to
expand its business greatly in Finland and also exporting their technology into other

European countries. Their goal is to grow their business in a way that 50 000 tons of carbon
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dioxide would be annually captured with their facilities. (Business Nokia 2023) Other
companies are also showing some interest getting into the biochar business. For example,
GRK has announced to build multiple production facilities in Finland and in the other Nordic
countries. Their target is to reach annual production of 20 000 tons of biochar by the year
2025. (GRK 2022)

The biochar market in Finland is still in the early stages, and to attract new producers, there
needs to be established a somewhat steady market. There have been a few projects for
example by the Natural Resources Institute Finland where biochar has been used in
stormwater management and soil applications. (Luke 2023) In addition to the projects, there
are companies like Carbons that are developing the whole market by participating in research
projects and also doing retail. (Carbons Finland 2023) Given its good bioresources, Finland
has an opportunity to become a major player in the biochar market, which would also bring

new jobs to the area.
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5 Equipment description

This chapter gives insight to the equipment used in the WiseCarbon -project. The equipment
includes the hybrid module, the boiler, the fuel feeding system, the pyrolysis chamber, the
pyrolysis material feeding system, the biochar removal system and the char cooling system.
The goal was to design these systems ourselves and build them from ready made parts as far
as possible. Also, the control system is made by the team from scratch. Some of the
operational parameters are received from the tests conducted with the equipment, which are
described in the chapter 6.

5.1 Overview

The project takes place in the premises of Hame University of Applied Sciences in
Valkeakoski, Finland. As a basis for this project, a hybrid module outside of the main
building within which is the research environment, was used. The building was acquired for
the previous project, in which the aim was to research how different energy production
technologies can be combined. Regarding to heat production, the hybrid module includes a
boiler and solar thermal collectors as well as water storage tanks. For electricity production
there is solar PV system. For this project, there was also a need for an extension to the
module. The extension is built due to the small size of the boiler room, which also has to
have a place for the removal and the cooling systems. The dimensions of the extension are
1.8 x 6.2 meters. Next to the hybrid module, there is another building which will be used for
upcoming projects. The building will be connected to the hybrid module, and it can then
utilize the different energy sources from that. Below is a picture of the hybrid module and

the second building.
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Figure 7. The hybrid module located in VValkeakoski, Finland.

The main component in this project is a Veto 60 stoker boiler, manufactured by Veljekset
Ala-Talkkari Ltd. The nominal capacity of this boiler is 60 kW. The boiler has a grate, so
solid fuels such as wood chips, pellets or briquets can be used as a heat source. The boiler
has a water capacity of 340 liters, and it is connected to three water storage tanks each with
an additional capacity of 270 liters, making the total water capacity approximately 1150
liters. At the moment, the water tanks are not connected to any useful heat sink, but there is
a heat pump which activates after the temperature in the tanks exceeds 50 °C to get rid of the
excess heat. In the cycle, there are three circulation pumps, one in the solar collector cycle,
one in the boiler cycle and one pumping water to the cooling cycle. Below is an image of

the boiler used in the project in its initial stage before any modifications.



35

o

—
Figure 8. Veto 60 boiler used in the project.

A visualization of the whole energy cycle has been made for monitoring the system when
operational. This visualization includes information of temperatures in different sections of
the cycle such as the boiler, the solar heating cycle, the water tanks as well as the pyrolysis
chamber. In addition to temperature, there is displayed information of the operational
parameters of the pumps, such as pressure difference and volumetric flow. This visualization

is portrayed in a figure below.
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Figure 9. The visualization of the energy cycle in the hybrid module. Available at:

https://iot.research.hamk.fi/venect/

5.2  Fuel feeding

Originally the fuel feeding was implemented by a stoker burner with a 1 cubic meter fuel
storage. The storage was removed due to its large size. It was replaced with a rotary feeder
and a smaller storage on top of that. From the rotary feeder, the fuel drops to a conveyor
screw, which transfers it to the grate for combustion. The rotary feeder and the screw are
connected to each other with a chain and an electrical motor is used to rotate the system. A
new reduction gear was also acquired to obtain more even flow of fuel. When the fuel
reaches the grate, it is ignited with electrical hot air blower. After ignition, the fuel is
automatically fed to the grate as long as the furnace temperature is above 200 °C. If the
temperature is below that it means that the ignition has not succeeded, and the fuel feeding
will stop. The initial feeding time for the fuel to reach the grate is 245 seconds, and after that
the feeding screw is operated with 25 s intervals with each feeding lasting for 4.5 seconds.
Also, there is a “pre-feed” mode, where the feeding screw is full of fuel. In this mode, the
initial feeding before the ignition is 15 seconds. The primary combustion air supply is

measured with a venturi pipe. In the stack there is a lambda sensor measuring the residual
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oxygen and the air flow is regulated to match a preset value. The complete fuel feeding

system is portrayed in the figure below.

Figure 10. The fuel feeding system.
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5.3  Pyrolysis chamber

The main component in order to enable the pyrolysis process is the pyrolysis chamber. For
this purpose, a unique chamber was designed and manufactured. The designing was done by
an engineering student assistant Valerii Matveev. The reactor is made of EN 1.4404 acid
resistant steel pipe. The pipe is sized DN 80, which means that the outer diameter is 88.9
mm. The wall thickness is 2 mm. The chamber is formed of two parts for installation
purposes. The parts are connected with a flange. The effective volume of the chamber is

approximately 4 dm?®. The figure below shows the shape of the reactor.

Figure 11. The pyrolysis reactor.

The reactor features three temperature measurement points in different locations along the
length of the pipe and one outlet for the forming gases. The gas outlet is located in the middle
of the reactor and from the outlet there is an adapter built from steel parts that directs the
flow of gases straight into the flame. The shape of the reactor is that kind due to space
limitations inside the boiler. The fact that there is a water body surrounding the furnace
excludes the possibility to use a simple straight pipe going through the boiler. This would
have been obviously the best option and also decreasing the amount of work later down the
road. Unfortunately, it wasn’t an option, so the next best thing was designed. Ultimately the

goal was to maximize the area of the pipe that was in contact with the flame, which is the
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primary location for the pyrolysis process. The reactor is installed through a hole in the hatch
of the boiler, and it extends across the grate and then turns to the side and down. The figures
below illustrate the positioning of the reactor in the boiler from two sides. They also show

the positionings of the temperature measurement points in relation to the furnace.

Figure 12. The positioning of the reactor viewed from the side.

The thermocouples used in the temperature measurements are type K thermocouples with a
maximum temperature of 1100 °C. They are placed in a way that they reach to the middle
of the pipe and they are protected with a screwed in stainless steel thermowells. Also, one

additional thermocouple is used to measure the furnace temperature.
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Figure 13. The positioning of the reactor viewed from the back.

For the first tests, the reactor was welded shut from the bottom part and on the other end
there is a threaded part for a screwed in blind flange. This made it possible to test the overall

functionality of the reactor.

In addition to the first prototype, a second prototype was in consideration. This prototype
would not be located in the furnace but in the first convection section. This prototype would
essentially be just a straight pipe from the top to the bottom. The first convection block is
180 mm by 600 mm and the height of the section is roughly 1.3 meters. A pipe with the same
diameter as in the first prototype could be used. This type of configuration would give a total
volume of approximately 7.4 liters. Alternatively, a rectangular shaped chamber could be
built. This would provide the chamber more surface area in relation to the volume than the
pipe. Either way, the chamber should be placed close to the wall of the boiler to minimize
any disturbances in the flue gas flow possibly caused by the chamber. The prototype would
have a rotary feeder or two knife gate valves on top, which would supply the biomass to the
chamber. The material would then undergo pyrolysis inside, followed by removing the char
from the bottom. An outlet for the pyrolysis gases would be located near the top of the

chamber and the gases would be directed to the flame either directly or through the air fan.
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The design of this prototype is much simpler than in the first prototype, because it would
only require a rotary feeder, removing screw and very simple connections. The only limiting
factor for this kind of a solution is the temperature available in the convection part. To find
out the temperatures in the block, three additional thermocouples were installed. The
thermocouples were placed in three different heights, one at the top, the second in the middle
and the third at the bottom. Like in the first prototype, these thermocouples are K-type with

the maximum temperature of 1100 °C.

5.4  Pyrolysis material feeding

One of the main challenges in this project was to enable the continuous operation of the
biochar production. For this purpose, a feeding system that allows no air with the raw
material needed to be created. Essentially there were two options to ensure the air tightness.
The first option was to use a similar but smaller rotary feeder than in the fuel feeding system.
The other option was to use two knife gate valves stacked on top of each other with a volume
between them. With operating the valves individually, an airtight enclosure could be created
in the middle. Also, a vacuum pump could be added to suck out any air flowing in when raw
material is dropped through the first valve. From these two options, rotary feeder was
selected to act as the airlock component. The decision was made due to its simplicity and
operational reliability. The problem with the knife gate valves is that it probably requires
additional feeder because the valves might eventually be blocked by the material if not
regulated somehow and air can then leak to the chamber. In a rotary feeder there is not this
kind of problem, instead a hopper can be placed directly on top of it. Also, more additional
work is required for the knife gate valves including the pneumatic control system.

For the conveying of the raw material, there was also two different options. Either a linear
actuator or a screw conveyor. For a linear actuator there are three options: hydraulic,
pneumatic and electric. From these options an electric actuator was considered due to its
good controllability, simplicity and affordability. Also, relatively low forces are required to
move the raw material forward so a hydraulic cylinder would have been an overshoot. In
addition, all external pumps and compressors wanted to be avoided. To use a linear actuator
for transferring the material, a closed cylinder fit for the DN 80 pipe is required. This would

prevent the raw material going to the wrong way when retracting the actuator. This was a
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viable option however a screw conveyor was considered to be even better. With a screw
conveyor, a smoother flow of material can be achieved. In addition, the screw is mixing the
material constantly so also the heat transfer is more even. The screw is also able to break
larger lumps of material and assure the flow of material through the reactor. Finally, the
simple integration with the rotary feeder with a chain makes the screw conveyor the best
option for the raw material feeding. The figure below is an illustration of the complete system

in its design phase.
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Figure 14. The complete pyrolysis material feeding system featuring a rotary feeder and a conveyor screw.

There was not this type of a system ready in the market and also there wasn’t small enough
rotary feeder available for assembling the system ourselves, so the unit was custom made
just for this project. The capacity of the rotary feeder is approximately 300 liters per hour
and the capacity of the screw conveyor is about 45 liters per hour. The feeding system is
connected to the pyrolysis chamber with a flange connection. The connection and the overall

position of the feeding system is visible in the figure below.
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Figure 15. The pyrolysis material feeding system connection to the pyrolysis chamber.

The feeding system is quite heavy, so a proper support for it had to be made. The height of
the support is also adjustable in order to have the pyrolysis chamber in at a correct position
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inside the furnace. On top of the rotary feeder, a hopper made of metal, was built. It will help

with the feeding of the pyrolysis material into the feeder.

To be able to create a control system for the feeding system, the conveying speed of the
screw must be solved. This is done by measuring the time the biomass needs to travel through
the feeding system. Three tests were conducted, and it took approximately 58 second from
the biomass to travel from the rotary feeder to the exit. Speed wise this means just a bit faster
than 0.01 m/s. The screw itself is 870 mm in length, measured from the middle of the rotary
feeder, but the protective pipe is cut shorter, so the screw extends close to the curve inside
the boiler to avoid clogging of the pipe.

5.5 Removal of products

The removal of the produced biochar is done from the opposite side of the boiler than the
fuel feeding from an ash removal hatch. The removing done with a screw. The pyrolysis
chamber connection to the removal pipe was another topic of discussion. The connection
had to be simple and easy to install. Mostly the problem was to find a solution that would fit
between the grate and the furnace wall. A claw coupling was first considered, but the
required turning radius was noticed to be too large. The limiting factor was the size of the
ash removal hatch where the removal pipe would begin. The solution for this problem was
to use a Valducci quick coupling, which turned out to be a viable option. The geometry of
the coupling enables the connection in various angles while still creating a sufficient airtight
sealing. The female part of the coupling was welded to the pyrolysis chamber. The male part
was connected to the removal pipe, but because the removal system is DN 50, with an outer
diameter of 60.3 mm, a reducer is used between the pipe and the coupling. The coupling
connection was then sealed with a heat resistant rope. The connection is located between the
grate and the furnace wall and after the grate is reinstalled, there is really no way to check
or adjust the connection, which could be problematic in the future. This connection is visible

in the figure below, taken before the installation of the grate.
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Figure 16. The connection from the pyrolysis chamber to the removal screw.

A shaftless screw is used to minimize the risk of clogging of the pipe. The pipe is
approximately at a 25-degree angle related to the floor and extends roughly 1.5 meters from
the boiler reaching a height of 0.6 meters. After the screw, there are two separately operated
pneumatic knife gate valves to ensure that no air can enter into the process from that
direction. The valves are stacked on top of each other with a volume between them. Between
the valves there is also a vacuum pump to suck out the air entered when the valves are
opened. From the bottom valve, the biochar drops into a selected container. The removal

system without the cooling coil is portrayed in the figure below.
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Figure 17. The biochar removal system featuring a screw conveyor and two knife gate valves.

The capacity of the removal screw was determined with measuring the total volumetric
amount of biomass travelling through the pipe with different time periods. After 7 tests, the



47

capacity was concluded to be 0.6 dm®/min. One drawback in this system was noticed also.
Due to the angle of the pipe, it cannot operate with small amounts of biomass, because it
starts falling downwards along the pipe. With an adequate amount of material in the pipe,

there was no problem in the operation.

5.6 Cooling system

The cooling system is an essential part of the system because the biochar reaches
temperatures of around 600 °C and can still ignite with temperatures up to 150 °C (Restuccia,
Masek, Hadden & Rein 2019). To enable the continuous operation of the system, an effective
cooling system is required. For this purpose, three options were considered. The first one
features a collection tank, where the biochar would drop from the removing screw. The tank
would be filled with water which would cool the biochar instantly. Inside of the tank would
be a strainer, which would collect the char and making it easier to remove from the water.
The water would be kept cool with a cooling coil placed inside the tank and connected to a
heat pump. The second option is a cooling coil wrapped around the removal pipe. The water
flowing through the coil would cool the pipe and the char inside it. Char is then collected to
a separate container. The third option includes a water spraying system with a few water
spraying nozzles along the length of the removal pipe, which would cool the char before it
is collected. This kind of a solution would also enable a nutrient injection straight to the

biochar through the nozzles and thus improving some of the qualities of the product.

From these options, the design number two was selected for the first solution. The coil is
made from a copper pipe with an outer diameter of 15 mm and a wall thickness of 1 mm.
During the making of the coil, it was flattened a bit to maximize the contact area with the
removal pipe. The total length of the coil along the pipe is approximately 1 meter. The coil
Is connected to a 50-liter water tank, which acts as a buffer storage. There are two cycles in
the cooling system. The first cycle features the cooling coil and a water circulation pump,
which controls the flow of the water. The second cycle has the cooling element of the water
tank, which in this case is an air-to-water heat pump. Below is given an illustration of the

whole cooling cycle.
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Figure 18. A visualization of the cooling cycle.

5.7 The control system for the process

The whole pyrolysis process is controlled by Beckhoff PLC. It controls the feeding screw,
the removal screw, the knife gate valves and the vacuum pump. The whole process starts
with feeding the material into the reactor. Because the reactor is bent downwards, and the
reaction zone is where the curve starts, the entire chamber needs to be filled to have the
biomass stay in the reaction zone. The volume needed to be filled is approximately 3.25 dm?,
which takes 260 seconds with the screw conveyor nameplate capacity of 45 liters/hour. This
combined with the time needed for the biomass to travel through the screw, which is 84
seconds, gives a total initial feeding time of 344 seconds. When this initial feeding is done,
the next thing is to wait until the pyrolysis process is done. Based on an elemental analysis
of different biochars with different residence times, it was observed that once the
temperature just reaches 600 °C, the product is of the required quality. This means that more
biomass can be fed as soon as the temperature is reached. The grate is approximately 200
mm wide, which can be used as the length of the reaction zone as well. This equals the
volume of the zone being roughly 1.13 dm?3. Regarding the volumetric reduction of the
material undergoing pyrolysis, a base value of 30 % is used. This increases the total volume
required to be fed to 1.47 dm?® This operation will take 118 seconds to complete.
Simultaneously as the feeding screw begins its operation, the removal screw is started. The

removal screw is required to remove 1.13 dm?® of char, and with a capacity of 0.6 dm*/min it
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will take 114 seconds. Once the removing screw starts to operate, the uppermost valve opens
to let the char fall into the volume between the two valves. Then when the screw stops, the
top valve closes, and the bottom valve opens dropping the char into a container. The valve
then closes, and the vacuum pump starts removing all the air out from the volume between
the two valves. After that the cycle starts all over again, but without initial feeding. Below
in atable is illustrated the process in steps. It must be noted that these operational values are
initial calculations and estimates and they might change when more testing is conducted to

optimize the system.

Table 3. The steps for the control system.

Step no. Operation Operating conditions

1 Start feeding screw Initial feeding time 344 s

2 Wait for temperature Temperature threshold 600 °C

3 Start removing screw Removing screw operating time 114 s
Start feeding screw Feeding screw operating time 118 s
Open valve 1 Open until removing screw stops

4 Close valve 1

5 Open valve 2 Open for2's

6 Close valve 2

7 Start vacuum pump Operate for 2 s

8 Stop vacuum pump

9 Loop back to step 2
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6 Experimental work

In this chapter, the experimental testing conducted with the pyrolysis equipment are
displayed. The tests start with simple tryouts with the reactor just to see how it operates. The
reactor was operated as a batch type reactor, without feeding and removing systems, but
instead with both ends closed. The main values to be monitored were the temperatures in the
three locations inside the reactor and the changes in the mass and in the volume of the
biomass. Also, analysis of the quality of the produced biochar were conducted. This chapter

is divided into subchapters based on the different kind of tests conducted.
6.1 Testing of the unit

The very first test carried out with the equipment was to assure that the prototype of the
pyrolysis chamber would operate as desired and would be able to convert biomass into
biochar. The chamber was filled with a mixed species wood chips made from branches of
fallen trees harvested from a local small forest. The wood chips were somewhat moist when
inserted into the chamber. During the testing, one bag or 15 kg of pellets were burned in the
furnace. This amount of fuel lasted for approximately an hour. The primary point of interest
was the maximum temperature that could be achieved in the pyrolysis region. Below is
illustrated the temperature curves from the three measurement points inside the reactor and

as well the temperature inside the furnace.



o1

800

700

600

B (9]
o o
o o

Temperature °C
w
o
o

O O O O O O O O O O O O O O O O O O O O o ©o o o o o

SS9 9956565699555 95 959556559998 S S 99

O I N O 00 O < N O 00 U g N O 0 W < N O 0 O < &N O 0 O

Mg N o o d NN MY ¥ N Qo A NS n o 9 AN, S SN

T 1 4 N N &N AN N NN NN N NN T TS S TS

™ == " —H Hd A A A —H Hd +d A A —H H Hd Hd - Hd H Hd A H H H
Time

Figure 19. The temperature curves from the first pyrolysis test

The temperature in the furnace reached a maximum of 600 °C and inside the curved part of
the pyrolysis chamber almost 700 °C. This can be explained with the fact that the curve is
located directly above the flame and thus gets hotter than the furnace. The delay in the rise
of the temperature in the bend compared to the furnace temperature rise is due to the
insulation abilities of the biomass. The temperature near the hatch is only increasing to
around 430 °C at maximum. Some of this lower temperature could be accounted for the
flange connection, which may prevent some of the heat from reaching that part of the pipe.
Other factor might the loose joint with the pipe and the hatch which allows some cooler air
to enter the furnace and slightly decreasing the temperature in that region of the pipe. The
bottom part of the reactor is substantially lower than the other parts. The location of the
thermocouple is below the grate and this fact limits the temperature increase. Below is an

image of the biochar produced in the first test.

Bend
Furnace
Hatch

Bottom
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Figure 20. Biochar produced in the first pyrolysis test.

The biomass that was located in the curved part produced very good-looking char as can be
seen from the center part of the image. The right side of the image portrays the wood chips
from the bottom of the prototype which were exposed only to low temperatures and the
difference is quite visible. Only small amount of the biomass is charred. The moisture in the
biomass was removed, but the heat was not sufficient to complete the pyrolysis process.
Around the thermocouple near the hatch, the biomass displayed good charring but moving
closer to the hatch there were similar results to the bottom part. All and all, the results were

very promising, because the main region of interest is the curved part.

6.2 Mass and volume change

Having proven the operation of the prototype, the next tests focus on the changes in mass
and volume of the biomass. These attributes are important to know because based on them,
the density change of the biochar can be solved which gives indication of the released

moisture and volatiles that are essential part of the pyrolysis process. In the following tests,
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the prototype was filled with similar wood chips as in the first test. The masses before and
after were measured with a scale and the volumes with a five-liter container. The container
used for volume measurement is not the most accurate, so the values are estimates. The aim
of these tests was to receive more data of the temperatures inside the chamber and to certify
consistent results from the pyrolysis process. The table below shows the results of the tests
and from that it can be observed that there is only little variance between the tests. The values
from the 6™ test are missing because after the test, more wood chips were inserted to the

chamber. The test results are combined with the test number 7.

Table 4. The mass and volume changes in the first eight pyrolysis tests.

Test 1o, Mass before  Mass after Mass Volume Volume Volume
[a] [0] reduction  before [dm3] after [dm3] reduction
1 - - - - - -
2 955 374 60.84 % - - -
3 872 317 63.65 % 4 2.25 43.75 %
4 726 228 68.60 % 4 2 50.00 %
5 996 342,5 65.61 % 4 2.25 43.75 %
6 861 - - 4 - .
7 431 409 68.34 % 4+2 2.5 58.33 %
8 800 378 52.75% 4 2 50.00 %

The masses and the volumes include all the material in the reactor. Near the ends of the
reactor, there is a region where a complete pyrolysis does not happen, which means that the
real mass and volume reduction is greater in the primary pyrolysis zone. Based on the masses
and the volumes, also the bulk density and its change can be calculated. These values are

displayed in the table below.
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Table 5. The density changes of the biomass going through pyrolysis.

Test Density before Density after Density reduction
[kg/m3] [kg/m3]
1 - - -
2 - - -
3 218 141 35.4 %
4 182 114 37.2%
5 249 152 38.9%
6 215 - -
7 215 164 24.0%
8 200 189 55%

6.3 Temperature curves

The temperature curves from different tests have their differences but also possess some
similarities. In majority of the tests, the furnace temperature is around 500 °C, when the
boiler is running on full power and simultaneously the temperature in the curve goes above
600 °C. The furnace temperature fluctuates a little because of the fuel feeding interval, but
the temperature inside the chamber remains relatively constant. This uniformity of the test
gives good indication of the functionality of the unit. Near the hatch, the temperature
typically rises to around 200 °C and similar temperatures can be observed in the bottom of
the chamber. Exemplar temperature curves from the test number 6 are portrayed below in
the graphs 21 and 22. The first graph shows the temperature from inside the pyrolysis
chamber and the furnace. In the second graph, the temperatures from inside the first
convection block are illustrated. The temperature curves from the other tests can be found

from appendix number 2.
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The temperature curves from inside the prototype and the boiler during the sixth test.
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In the first convection block, the temperatures mimic the temperature curve of the furnace

quite closely, but in a bit lower temperature as can be expected. When operated at full power,

the thermocouple at the top of the convection block reaches around 450 °C. The other

locations are experiencing a little more modest temperatures of a bit more than 400 degrees

in the middle and around 350 °C at the bottom. From the temperature point of view, the

convection block is not the best location for the pyrolysis process but maybe could be viable

if the boiler would be operated with increased power. More testing is needed in order to

investigate this option further.
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Figure 22. The temperature curves from the first convection block during the third test.

When inspecting the temperature curves, it is also worth mentioning that the prototype is not
fixed in place and there might have been difference in the positioning of the pipe inside the
furnace between the tests, which can explain some of the fluctuations in the results. Also,
the outdoor temperature, the initial temperature of the boiler and the moisture content of the

pyrolysis material might have some effect on the results.

6.4 Quality of the char

From the biochar received from tests 7 and 8, a CHNS elemental analysis was conducted to
find out the composition and the quality of the char. In the analysis, the mass fractions of
nitrogen, carbon, hydrogen and sulfur were obtained. From these results together with the
mass fraction of ash, the share of oxygen was calculated as the final ingredient. The molar

ratios were calculated with the respective mass fractions and molar masses. The higher
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heating value was received from the analysis and also calculated based on the mass fractions

of the different elements with the equation below.

HHV =0.3517-C + 1.1626-H + 0.1047-S - 0.111-0 )

In these tests, there was no analysis of heavy metal and PAH-values, but they will also be
analyzed sometime in the future tests. The values of the analysis and the average of the
HHYV are shown in the table below.

Table 6. The results from elemental analysis from tests 7 and 8.

Ash
Test N C H S ] [ H/C o/C HHV
m_
no. [m-%] [m-%] [m-%] [m-%] [m-%)] 5] [mol/mol] [mol/mol] [MJ/kg]
0
7 0.07 8215 270 0.00 10.15 4.93 0.39 0.09 30.68
8 0.04 8291 320 0.00 10.77  3.08 0.46 0.10 31.44

The results show that the level of carbonization is really good, above 80 %. Also, the
hydrogen/carbon and oxygen/carbon molar ratios give indication of successful operation.
The limit values for H/C ratio in the EBC quality certificate mentioned before in the chapter
3.3 was 0.7, so the values from the tests are well within the limits. The same thing applies to
the O/C ratio, where the limit in the European Biochar Certificate is 0.4. The higher heating
value of the char is also according to the trend seen on the figure 4.

6.5 Effect of residence time

These tests are conducted in order to determine the necessary time period needed for the
pyrolysis to happen. In these experiments, the pyrolysis chamber is filled with wood pellets
and the boiler is operated until the temperature inside the curved part reaches 600 °C. The

residence time is measure from the minute the desired temperature is reached and after the
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time is full, the fuel feed to the boiler is aborted. The tests were conducted with four different

residence times: 15, 10, 5 and 0 minutes. In this case, 0 minutes means that immediately that

the temperature reaches 600°C, the fuel feed is cut off. Below is presented the tests in a table

form.

Table 7. Residence times and changes in mass and volume.

Test Residence Mass Mass Mass Volume Volume  Volume
no. time [min] before [g] after[g]  reduction  before [dm3] after [dm3] reduction
9 15 2529 1079 57.33 % 4 3 25.00 %
10 10 2573 1247 51.54 % 4 3 25.00 %
11 5 2536 1211 52.25 % 4 3 25.00 %
12 0 2646 1328 49.81 % 4 3 25.00 %

After each test, a small sample of the formed biochar was collected from two different

locations, one from the curved part and one from near the hatch. The samples were collected

from the surroundings of the thermocouple to have a good representation of the product in

those temperatures. Similarly, as before in the tests 7 and 8, the samples collected from these

tests went through elemental analysis. The main interest is the carbon content of the char

and the two molar ratios, which serve as a benchmark in the quality assessment. Below is

presented these values for the four tests.
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Figure 23. The carbon content of the char from different locations and different residence times.

Overall, the elemental analysis results show a quite a bit of variance. This might be caused
by heterogenic samples of the char or by some problems in the reactor. Nevertheless, the
difference between the two locations is clearly visible. On the other hand, the change in the
residence time show no major impact on the carbon content. The sample from the curve from
first test with 15 minutes residence time clearly had some problem either with the sample or
with the analysis process. The level of carbonization should be close to 90 % like in the other
samples with lesser residence times. Surprisingly, also in the test with a 0-minute residence
time, the carbon content reached almost up to 90 %. These results imply that in this reactor

reaching 600 °C is sufficient for a good quality product.
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Figure 24. The hydrogen/carbon molar ratio of the char from different locations and different residence times.

The next point of interest is the hydrogen/carbon molar ratio. In this case, the difference
between the two locations is vast. Also, the difference between different tests is more visible
than in the case of carbon content. Near the hatch, the values vary from 0.8 to 1.1 and in the
curve 0.2 in the 15-, 10- and 5-minute tests and 0.3 in the 0-minute test. The limit value for
H/C ratio in the EBC is 0.7 and even in the 0-minute test the ratio was well below that. This
measure further confirms that the quality of the biochar is good as soon as the temperature

rises to 600 °C.
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Figure 25. The oxygen/carbon molar ratio of the char from different locations and different residence times.

The oxygen/carbon molar ratio again displays some fluctuations with the results. The 15-
minute test shows similar problems than in the carbon analysis. Also, the standard deviation
in the individual results is greater than in the other parameters. However, the distinction
between the two locations is quite clear. Near the hatch, the O/C molar ratio varies between
0.23 and 0.43. In the curved part, ignoring the 15-minute test results, the ratio doesn’t
alternate that much. It is ranging from 0.6 to 1.1. The EBC gives a limit value of 0.4 to this

molar ratio, so the produced char is of good quality also regarding this indicator.

6.6 Heating rate and heating time

The heating rate is important parameter when creating the control system to the process. It
determines the interval of the feeding of the biomass. The residence time testing showed that
once the temperature rises to 600 °C, the product is ready. Keeping this in mind, the next
point of interest is to figure out time that it takes for the biomass to reach this temperature.
When creating the continuous system, it must be considered that the material first travels
through a low temperature region near the hatch before entering the main pyrolysis zone.

This essentially creates two regions with different heating rates. During the twelve tests
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made with the closed reactor, temperature data was collected from both of these locations,

that can now be used in this approximation.

Due to the different temperature zones, calculating the heating rate and the residence time is
an iterative process. The heating rate is calculated by dividing the temperature increase by
the time it takes to reach the final temperature. To find the time, the two individual locations
must be observed as consecutive processes like they would be in the real system. This means
that the time required to heat the biomass from the initial temperature to certain temperature
X near the hatch in the low temperature zone must be the same time it takes to heat it from
the temperature X to 600 °C in the primary pyrolysis zone. These temperature increases and
the times were iterated for all the tests except tests number 4 and 7, due to technical
difficulties receiving the data. These results along with heating rates solved with the

temperature increases and the times are displayed in the table below.

Table 8. The iterated results for heating rates and the heating time.

Heating rate, Heating rate,
Test no. AT, Hatch Hatch AT, Curve Curve At [mm:ss]
[°C/min] [°C/min]

1 105 6.6 480 26.7 17:00
2 154 9.1 438 26.8 16:40
3 75 5.9 484 36.7 12:55
4 - - - - -

5 137 6.7 454 21.1 21:00
6 59 2.9 527 21.7 19:45
7 - - - - -

8 83 4.2 406 20.8 19:37
9 114 7.5 478 24.5 19:45
10 118 7.8 467 29.6 15:53
11 137 8.9 443 29.7 15:05
12 118 8.2 450 33.1 13:33

Average 110 6.8 463 21.7 17:07
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Based on the iterations, the heating times are ranging from 13 minutes 30 seconds up to 21
minutes, with an average of roughly 17 minutes. During this time, the temperature in near
the hatch rises 110 °C on average. In the main pyrolysis zone, the temperature increase is
obviously higher, more than 450 °C. The heating rates are relative to the temperature
increases in the different regions. In the hatch region, the heating rate varies from 2.9 t0 9.1
°C/min, and in the curve from 20.8 to 36.7 °C. The average heating rates in these zones are
6.8 and 27.7 °C/min respectively. These kind of values of heating rates are quite typical for
slow pyrolysis processes. The heating time and the following heating rate will probably
change when operating continuously due to different operational conditions. When attaching
the feeding system to the pyrolysis chamber, the feeding screw will extend well inside the
furnace. This changes the heating process dramatically firstly because the volume of the
biomass will be smaller and secondly because the screw mixes the material constantly and
thus expediting the heating process. Based on these factors, the heating time could drop
down to 10 minutes or even less and the heating rate would increase respectively.

6.7 Energy balance

One of the key elements in a successful and commercially viable pyrolysis units is the
thermal self-sustainability. With a batch type of operation, it is hard to assess the complete
energy balance of the continuous operation system. Preliminary tests were conducted to see
how much energy would be received from the pyrolysis gases. The tests were conducted by
combusting 7.5 kilograms of wood pellets. In the first four tests the unit was operated with
empty pyrolysis chamber to establish a reference point and in the next four tests, the chamber
was full of biomass. The furnace temperature and the water temperatures from the boiler and
the water tanks were monitored to investigate if there was any difference between the
different experiments. After examining the results, it was concluded that it was impossible
to distinguish any major difference between the two. This might be because the volume of
the pyrolyzed biomass was so low. Also, the gas outlet is probably directed incorrectly. It is
pointed straight to the flame, where it might be problematic to have enough oxygen to fully
combust the volatiles. One indication of this problem is that there are tar residues found in
certain parts of the boiler. This tells that the combustion is incomplete. One option would be
to increase the amount of primary air, but to further improve the system, the gas outlet will

be moved to outside of the boiler and the gases will directed to be mixed with the primary
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air. This kind of a configuration would also create a possibility to condense the volatile gases
and to receive bio-oils. Anyways, additional testing with the continuous system is needed to
figure out how much energy can be harvested from the gases. Based on the future tests, the

true energy balance can be established.
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7 Results

This chapter summarizes the key findings of the project so far. This includes the potential
production capacity of the unit, the potential benefits of this type of biochar production unit

and some limitations related to the operation of the unit.

7.1 Capacity of the unit

The preliminary calculations for the achievable amount of biochar produced were done
based on the initial operational parameters. These values include the pyrolysis reactor
effective volume of 1.13 dm?® and the residence time of 10 minutes. Based on the tests
conducted, the volume reduction was estimated to be 50 %. With these values, the biochar
production capacity of the system is around 3.4 dm®h. Assuming a daily operational time of
8 hours, the daily capacity adds up to 27.2 dm?. This result is purely calculatory and is prone

to change when further testing is done with the system.

Compared to large commercial production plants this capacity is obviously minor. However,
the goal of this project was to create a pyrolysis unit that would be more accessible to regular
people for example for small agricultural entrepreneurs. Taking this into account, this result
can be considered adequate. The capacity could also be improved with further optimization
of the process. The yield is also influenced by the operational time, the pyrolysis conditions

and the raw material used in the pyrolysis process.

7.2 The value chain

The basic concept in the project was to modify a ready heating boiler into a biochar
production unit. This type of concept is advantageous because there are people already
having these boilers which could be used in this modification process. It would simply add
another benefit to the existing unit. Attaching the separate pyrolysis unit to the boiler would
be very simple without having to make changes to the existing heating systems like piping.
The small size of the pyrolysis add on makes it easy to implement to different locations.
Also, this would be done with a fraction of the price of a commercial pyrolysis unit. It is too
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early to give an exact price tag to the unit, but it will be in a lower price bracket than anything
in the market currently. This kind of small, distributed production units are also excellent in
reducing the transporting costs and related emissions of the raw materials used in the process.
The pyrolysis material need is smaller than in the commercial unit so it can be supplied by
the owner of the production unit or by someone nearby. The wide range of usable raw
materials gives good opportunity for example to farmers, sawmills, or greenhouses to use
their biobased side streams, which would potentially go unutilized, for the production of
biochar. This would contribute to circular economy and the battle against climate change,
thus creating a positive image around the owner of the unit, possibly creating more business.
Additional benefit of the pyrolysis unit is the reduced amount of fuel needed for the heating,
because the pyrolysis raw material can act as a heat source once the process is running.
Finally, the produced biochar can be either sold for profits or utilized by the producers
themselves. For farmers and greenhouses for example, the utilization of biochar could reap
additional benefits in form of increased crops and savings from decreased use of fertilizers.

7.3 Limitations of the equipment

The original use of the boiler used in the project is just to act as heating boiler and not as a
pyrolysis unit. When transforming an existing unit into one with different functions, there
will be some limitations to the operation. Comparing the modified boiler to production units
made specifically for pyrolysis, the differences in operation are easily noticeable.
Furthermore, the small size and the geometry of the boiler creates challenges in the design
phase. The small size of the furnace limits the size of the pyrolysis chamber, which affects
the volume of the biomass available for pyrolysis. The small size of the chamber and the
related feeding system poses also limitations to the raw material used. The small diameter
restricts the use of materials with larger piece sizes. This means that more effort has to be
put into preparation of the feedstock. Especially, if testing different types of biomasses this
limitation needs to take into account to avoid breaking the equipment. In addition, there is
currently no drying component integrated into the system, so the moisture content of some
feedstocks might become a problem. Regarding the pyrolysis temperature, the control is not
as agile as in facilities designated for pyrolysis. There is a certain temperature range that is
possible to achieve, and it might not suit to all pyrolysis applications. This might also affect

the quality of the biochar and the product might not be suitable for all uses, if there are
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stricter quality requirements. Due to the geometry of the pyrolysis chamber, the control
system requires a bit more control than a regular straight pyrolysis chamber. This creates a
need to build additional control system, which needs to also be relatively simple and user

friendly to be able to be used by all kind of customers with different backgrounds.

One key function of any system is its maintainability. In this case, the unit is so compact that
the maintenance could be a challenge. Especially when there is no access to the inside of the
furnace without either removing the fuel feeding system or the pyrolysis material feeding
system. So, in a rare case of a blockage in the reactor, the system needs to be disassembled.
While not being a hard task, it can become tedious if happened often. It is important to
remember that this modification was made for a specific model of a boiler from one
manufacturer and there might be a need to do some modifications to the unit depending on
the differences between different models and different manufacturers.
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8 Conclusions

The objective of this work was to create and implement a design that would transform a
regular heating boiler into a continuous operation biochar production unit while maintaining
its heating abilities. At first, a literature review was conducted to find out what kind of
attributes are related to successful pyrolysis process and what kind of uses and requirements
there are for the product, biochar. The most important factors in a pyrolysis process are the
airtightness of the system and a sufficient pyrolysis temperature.

In order to accomplish the modification, a pyrolysis chamber, a raw material feeding system,
a biochar removal system and a cooling system were designed and built. Different options
were considered for each of these components and the most viable option was selected. For
the pyrolysis chamber, a special curved design was made of DN 80 steel pipe. The pyrolysis
material feeding system features a rotary feeder for the airtightness and a screw conveyor
for the transporting the material to the chamber. The removal system also includes a screw
conveyor and two knife gate valves to restrict the airflow. The cooling of the biochar is

carried out with a cooling coil placed around the removal pipe.

Preliminary testing was conducted with batch type reactor, meaning both ends of the
pyrolysis chamber were closed. During the testing, temperatures were measured from three
locations inside the chamber and from the furnace. Also, the mass and volume changes of
the pyrolysis material was noted. Regarding the temperature, in the main pyrolysis zone, the
temperature rose to around 600 °C and remained there quite steadily. An elemental analysis
was performed to the produced biochar to find out the quality. The results showed a good
level of carbonization, more than 80 % of fixed carbon. Also, other parameters like H/C and
O/C molar ratios were in the limits of quality standards. Tests with different residence times
in the pyrolysis temperature showed that this quality biochar can be achieved as soon as the
temperature inside the reactor rises to the pyrolysis temperature of 600 °C. Based on the
tests, it was determined that the heating time to that temperature will take approximately 10
minutes. This time together with the volume of the reactor gives an estimated hourly

production volume of 3.4 dm?® with this unit.
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This kind of a production unit would be a good option for example small agricultural
business owners like farmers or greenhouse entrepreneurs that have a need for both the heat
and the biochar. They can also supply the raw material themselves for example from side
streams of their primary production and thus contributing to circular economy. With this sort
of modification, the implementation of a biochar production would be faster and cheaper

than with commercial units sold currently.
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Appendix 2. The temperature curves from the conducted tests.
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Chamber temperatures, test 3
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Chamber temperatures, test 5
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Chamber temperatures, test 6
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Convective block temperatures, test 6
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Chamber temperatures, test 7
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Convective block temperatures, test 7
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Chamber temperatures, test 8
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Convective block temperatures, test 8
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