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This thesis focuses on biochar production through pyrolysis, utilizing data from Carbofex's
demo production plant with spruce wood chips as feedstock. The pyrolysis process, energy
balance, and the products generated, biochar, bio-oil and pyrolysis gases are discussed in
general. The main objectives are to determine the energy flows in a pyrolysis process and
evaluate them. For the calculations, real life data, some assumptions and literature values are
utilized.

Despite facing challenges due to the complexity of process and difficulties of data collection
and measurement, the main values were able to be determined. Pyrolysis at 750°C, product
yields are 56% biochar, 5% bio-oil, 33% gas and about 5% loss. Based on literature, this
would rather match a lower temperature pyrolysis. Heating and drying required a lot of en-
ergy, significantly more than just the pyrolysis reactions. Heat for heating and drying mainly
comes from flue gas heat exchanger. Even though gas’ product share is lower than biochar,
it can still be utilized for heat production on top of usage for pyrolysis.

The evaluation of the pyrolysis process has provided valuable insights into its operational
dynamics, product outputs and areas for improvement. Better and more process data is
needed for better analysis for the heating and drying process, including wood chip dryer and
fuel gas heat exchanger. Future research should focus on wood chip dryer and exploring new
applications for bio-oil.
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Tama maisterintyd keskittyy biohiilen tuotantoon pyrolyysilla. Tydssé hyddynnetédén dataa
Carbofexin demonstraatio tuotantolaitokselta, jossa kdytetdan mannyn lastuja raaka-aineena.
Pyrolyysi prosessi, energia tasapaino ja tuotteet, biohiili, biodljy ja pyrolyysi kaasut, esitel-
l4&n perustasolla. Tyon péaatavoitteet ovat maarittda energiavirrat pyrolyysi prosessissa ja
arvioida niitd. Naihin laskuihin kdytetdan todellista prosessi data, kirjallisia arvoja seka ole-
tuksia.

Huolimatta prosessin monimutkaisuudesta, ja tietojen kerddmisen ja mittaamisen vaikeuk-
sien aiheuttamista haasteista, padarvot pystyttiin maarittamaan. 750°C pyrolyysin saanto on
56 % biohiili, 5 % bio-06ljy, 33 % kaasu ja noin 5 % havid. Kirjallisuuden perusteella tdmé
jakautuminen kuitenkin paremmin sopisi matalamman l&mpdtilan prosessiin. Lammittami-
nen ja kuivaaminen vaativat paljon lampdenergiaa, merkittavasti enemman kuin pyrolyysin
kemialliset reaktiot. Suurin osa lammasta lammittdmiseen ja kuivaamiseen tulee savukaasu-
jen lammonvaihtimesta. Vaikka kaasun tuotto-osuus on pienempi kuin biohiilen, sen avulla
pystytadn kuitenkin tuottamaan lampdenergiaa enemmaén kuin pyrolyysi prosessi tarvitsee.

Pyrolyysi prosessin arviointi on tarjonnut arvokasta tietoa sen toiminnasta, tuotteista ja ke-
hittdmiskohteista. Enemmaén ja parempaa prosessi data tarvitaan parempaan analyysiin lam-
mitys ja kuivausprosessista, johon kuuluu puuhakkeen kuivuri ja savukaasun lammonvaih-
din. Tulevaisuuden tutkimusty0 voisi keskittya néihin asioihin ja lisdksi bio-61jyn parempiin
kayttokohteisiin.
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SYMBOLI AND ABBREVATIONS LIST

Roman

Cp Specific heat capacity
E, Q Energy

HHV Higher heating value
H Latent heat

LHV Lower heating value
LHV lower heating value, mole based
M Mole weight

m Mass

m Mass flow

n Mole

P Power

p Pressure

T Temperature

\Y Volume

u Volume flow

W Humidity

Greek

A Change, difference

n Efficiency

A Lambda, air-fuel ratio

[ki/kgK]

[3, W, kWh]
[MJ/kg, MJ/m?]
[ki/kg]

[MJ/kg, MJ/m?]
[kd/mol]
[9/mol]

[ka]

[kg/s]

[mol]

W]

[Pa]

[°C, K]

[m°]

[m?/s, 1/s]

[-]

[- %]

[-]



Subscript
BC
BM
dry

gas

oil
out

prod

Py

Abbreviations
BET

C

CEC

CHa

CoHas

CO

CO2

CO2-eq

Density [kg/m?]

Biochar
Biomass
Drying
Pyrolysis gas
Incoming
Pyrolysis oil
Outgoing
Product
Pyrolysis
Sensible

Water

Brunauer-Emmett-Teller
Carbon

Cation exchange capacity
Methane

Ethylene

Carbon monoxide
Carbon dioxide

CO2-equivalent



EBC
GHG
H2, H
H20

HHV
LHV
LIB

NOx

PAH

European biochar certificate
Greenhouse gas

Hydrogen

Hydrogen dioxide, water
Higher heating value

Lower heating value
Lithium-ion battery
Nitrogen oxides

Oxygen

Polycyclic aromatic hydrocarbon
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1 Introduction

Environmental challenges and the escalating impacts of climate change remain at the fore-
front of global concerns. This is partly due to the lack of fully developed technologies capa-
ble of addressing these challenges effectively. Excessive reliance on biomass for example
can lead to negative environmental consequences, such as soil degradation and loss of bio-
diversity. While renewable energy plays a crucial role in addressing these challenges, its
implementation must be sustainable to avoid unintended consequences. Biomass burning
still releases Carbon dioxide, even though it’s often seen as carbon neutral it isn’t enough.
What if we could utilize biomass in a way that locks its carbon content for the long term,
while simultaneously benefiting the environment? Additionally, this process could generate

heat energy and liquid byproducts that can be upgraded into biofuel.

The topic of this thesis is biochar production and the energy flows in it. The process used in
this research is based on the process model and data of Carbofex company’s demo produc-
tion plant. The biochar is produced by pyrolysis and the feedstock is spruce wood chips. The
main energy flows are calculated with the help of estimations and some real-life data. Based
on the findings, improvements for the process are presented. These improvements could

make the process more energy efficient and environmentally friendly.

Researching biochar is crucial at this time due to the increasing reliance on biomass and its
derived products. Biomass is considered a renewable resource, offering opportunities to de-
crease dependence on fossil fuels. Usage and study of biomass has been increasing for some
time now due to climate change and its mitigation. Analyzing energy flows in biochar pro-
duction is crucial for several reasons. Firstly, this process transforms biomass into value-
added products that can decrease reliance on fossil fuels and contribute to a more sustainable
future. Understanding the energy balance of the process enables better optimization, which
can lead to improved product quality, reduced energy consumption, and enhanced efficiency

in future applications. It is also important to assess the process’ environmental impact.

In the production of biochar, biomass can be refined while simultaneously generating bio-
energy. Additionally, biochar can be derived from waste materials, helping to mitigate their

negative environmental impacts. It serves as a greener alternative in various industrial



applications, or it could be used as soil amendment or in water purification. When used as a

soil amendment or in specific industrial settings, biochar enables long-term carbon storage.

Biochar produced from plant-based biomass and utilized for carbon storage applications can
achieve net carbon-negative emissions, as the COz is not released back into the atmosphere.
Similar results can be achieved through methods like biomass energy with carbon capture
and storage. Furthermore, when biochar is properly applied to soil, it can enhance crop yields
and mitigate the adverse effects of prolonged agricultural practices. These biochar applica-
tions align with several of the United Nations' 17 Sustainable Development Goals, like Goal
7: Clean and Affordable Energy and Goal 13: Climate Action.

Previous studies have investigated biochar production and the associated energy flows of the
pyrolysis process. However, many of these studies utilize varying feedstocks, process pa-
rameters, and methods, making it challenging to draw general conclusions. The complexity
of pyrolysis reactions further complicates accurate energy measurements, leaving significant

questions to explore. A key focus of these studies has been the process's self-sufficiency.

The byproduct syngas can be used to heat the pyrolysis process and dry the feedstock
(Harsono et al. 2013). To be effectively utilized, the gas must achieve a sufficient heating
value (Cong et al. 2018). Both syngas and pyrolysis oil can also be used to meet the electric-
ity demands of production facilities. However, in some facilities, diesel or other fossil fuels
are still employed for heat and electricity generation, leading to higher greenhouse gas emis-
sions and a greater environmental impact. The energy output-to-input ratio largely depends
on the type and quality of the feedstock used (Harsono et al. 2013), while process tempera-
ture plays a significant role in determining the distribution of energy and carbon across the
resulting products (Crombie et al. 2015).

Research has also examined carbon emission offsets alongside the energy efficiency of the
process. When biochar is used as a direct substitute for fossil fuels, it helps reduce CO>
emissions. However, when applied in other ways, such as soil amendment, biochar further
mitigates greenhouse gases like methane and nitrogen oxides from the soil. Optimizing the
pyrolysis process to prioritize biochar production over syngas has been shown to achieve
greater CO; reductions. For instance, in one example, the energy output reached 38% of the
input energy, even without further utilization of the heat produced (Gaunt et al. 2008). Ad-

ditionally, carbon offsets create opportunities for participation in carbon emission trading.



Pyrolysis processes vary significantly depending on factors such as feedstock type and op-
erating parameters, making direct comparisons challenging. As a result, studying each pro-
cess individually is crucial. This approach allows for better optimization and advancements
in sustainability. A well-understood process is also easier to scale efficiently and manage in

an economically viable manner.

The aim of this thesis is to evaluate how the studied process aligns with theoretical expecta-
tions, particularly in terms of biomass utilization and energy flows. This assessment will
provide a basis for identifying potential areas for improvement. However, the research faces
challenges due to the complexity of the process and the limitations in process data, like dif-
ficulties in measuring certain things or the inability to measure them altogether. The primary
focus is on Carbofex’s production process, in addition to general insights into pyrolysis and

its products.

Firstly, the basics of pyrolysis process and its products are introduced. In the third chapter,
the division of the energy in the process is discussed. The pyrolysis gases are taken a better
look at in the fourth subchapter of the third chapter, because they are utilized in the energy
production. After this, the Carbofex’s process is introduced better as well as its data and
analysis of it. In the sixth chapter, possible improvements are considered for the process.

Lastly, the main points of the work are presented in the summary.



2  Pyrolysis process and the products generally

In this chapter the biomass pyrolysis process and its products are introduced. The general

picture of these is given while leaving out some details.
2.1 Pyrolysis process

Pyrolysis is a thermochemical decomposition process. This means that big hydrocarbons are
split, their chemical structure is broken, into smaller sections with the help of heat. This
produces gases, liquids and chard. There isn’t usually oxygen or air available during decom-
position because full gasification of biomass isn’t wanted. (Basu 2018.) Depending on the
specific process’ time, temperature and pressure for example, the yield of the products is
different. In addition to process values, the feedstock quality also affects the energy values

and amounts of received products. (Gaunt 2008.)

Pyrolysis process has similarities with torrefaction and carbonization for example (Basu
2018). There are multiple different types of pyrolysis, but the most common ones are slow,
intermediate, fast and flash. Each of them has their own specifications and main produced
product. (Jerzak 2024.) The slow and intermediate processes produce the most percentage

of char whereas faster pyrolysis produces more liquids and gases (Basu 2018).

All processes’ starting temperature is around 300°C for woody biomass feedstock because
that is the decomposition temperature of lignin and where torrefaction starts (Basu 2018).
Slow pyrolysis’ maximum temperature is around 900°C and intermediate’s 700°C. Fast and
flash can reach up to 1400°C. The different processes get their names from their heating
rates and the feedstock residence times. In slow, the heating rate is under one degree per
second and in fast and flash it can be up to 1000°C per second. Intermediate is in the middle
with 0.4 to 10 degrees a second. Residence time in slow can be up to 12 hours but usually
30 minutes to couple hours. Intermediate is around 10 minutes, and fast and flash are some-
times just seconds. Because of the time, feedstock size needs to be much smaller on faster
pyrolysis compared to slower. (Jerzak 2024.) The temperature ranges are not scientifically
determined; they vary depending on the source.



The process also needs a reactor for it to happen. There are also multiple types of these with
their own pros and cons. Feedstock feeding to reactors and product removing can happen in
batches or as a constant flow. Reactors can have a fixed or moving bed, like bubbling and
circulating fluidized beds. It can also be a mechanical reactor, for example a rotating cone
or a rotary kiln. (Jerzak 2024.)

The best types of reactors for slow and intermediate pyrolysis are fixed bed, rotary kiln and
auger. Auger reactor has a screw type feeder inside it to move the feedstock. These are the
most suitable because they allow long residence time and a slow heating rate which are im-
portant for biochar production. In addition, they are simple and require low own energy us-
age. (Basu 2018; Kumar 2024.)

2.1.1 Pretreatment of biomass

Biomass can be pretreated in multiple ways: thermal, physical, chemical, biological or a mix
of these. Methods depend on, for example what product is the main one, how high quality
of products are wanted and how much energy is willing to be used on pretreatment. Lots of
pretreatments focus on better quality and higher yield of gas and liquid products. (Slezak
2023.

In physical pretreatment, biomass is made into smaller pieces by breaking the physical struc-
ture with milling or grinding for example. Even though the process is often simple, it needs
a good amount of energy. Smaller particle size is meant to increase the heat flow between
particles and keep the heating rate more uniform. Particle size affects the bio-oil yield and
its properties the most. (Kumar 2020.) The size also affects the outcome size of the biochar.
Biomass can also be densified, made into pellets, where the heat rate inside the particles is
slower compared to non-densified biomass (Kumar 2020).

Chemical pretreatment is used for breaking up the strong lignocellulosic structure. Acid and
alkali methods are a few examples of chemical pretreatments. Biomass can be treated with
acidic chemicals to lessen the amounts of inorganic materials that could disturb the bio-oil
quality and production and to break down cellulose and hemicellulose. (Kumar 2020; Slezak
2023.) Some valuable inorganic materials for biochar could be lost here as well as decreased

biochar yield (Slezak 2023). If biomass is treated with alkalic chemicals, they will break the



structures between lignin and hemicellulose. This method is unfavorable for bio-oil produc-

tion because it yields more ash and less mass. (Kumar 2020.)

Biological pretreatment is the most economical of all pretreatments since it only utilizes
microorganisms, bacteria and fungi, to degrade complex chemical structures into more sim-
ple compounds. Biological method requires time and space for the microorganisms to do
their work. This method can increase the bio-oil yield but decrease the mass yield of biochar.
(Kumar 2020.)

Thermal pretreatment could just be drying of the biomass or even torrefaction. Both can also
be used. Torrefaction can also be part of the production process rather than a pretreatment

method. But feedstock doesn’t need to be torrefied before pyrolysis process.

Drying is one of the thermal pretreatment methods of biomass. Drying requires generally a
lot of energy. One way to lessen the energy needed is to route hot pyrolysis gases to the
drying process. Drying is done at about 100°C where most of the moisture and loosely bound
water evaporates. Heat caused by the evaporation can also melt some of the lignin in the
biomass. If the temperature is increased to 150°C more chemical-bound water will evaporate
with some carbon dioxide. Here, biomass will start to break down even more. If the temper-
ature is raised to 200°C to 300°C, water fully evaporates, and biomass is reduced (oxygen
content decreased). This process is called torrefaction, mild pyrolysis. (Kan 2016; Basu
2018; Joseph 2024.)

Torrefaction in the drying process is only wanted if the main products is gas since it improves
its quality. It also increases the quality of bio-oil but lowers the yield. (Kan 2016.) For good
biochar production, moisture content should be around 15 % when biomass enters the reac-
tor. This will increase the changes of high yield and quality, but also low emissions. (Joseph
2024.)

2.1.2 Torrefaction

After biomass is tried, the next process phase is torrefaction. Torrefaction can be used with-
out the rest of the pyrolysis process if the wanted product is just torrefied biomass. Torrefied

biomass has very low moisture and is higher in energy density compared to the original
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biomass. When torrefaction is part of the pyrolysis process, it is just a part of the heating
process. (Basu 2018.) It’s just a chemical reaction that happens as part of the pyrolysis pro-

Cess.

Torrefaction starts when the heating temperature rises above 200°C. Torrefaction can be split
into two, mild and sever, and the temperature border for these is 270°C. Before mild torre-
faction, biomass’s decomposition continues. Volatiles in biomass start to release, forming
gases like CO, CO, and methanol. When temperature crosses the border, exothermic decom-
position starts to release more compounds including condensable and non-condensable va-
pors. Exothermic process is caused by the breaking of the big polymers in the biomass. Bond
breaking releases oxygen atoms that cause oxidation. The released energy from bond break-

ing and oxidation cause further bond breaking in the biomass. (Basu 2018; Jospeh 2024.)

Heating rate during torrefaction is low because liquid yield is not yet wanted at this point.
Faster heating rate would also lower the char yield. During torrefaction, the hemicellulose
in the biomass is mainly decomposed whereas cellulose and lignin only decompose partly.
(Basu 2018.)

When the temperature rises above 300°C, the biomass physical structure starts to break down
and the production of liquid (tar) starts. External heat is also needed here since the bond
breaking can’t sustain itself anymore. The production of tar also marks the actual start of the

pyrolysis process. (Basu 2018.)

2.1.3 Pyrolysis and carbonization

The main goal of pyrolysis is to produce liquids. Due to this, the most important phase of
the process takes place next in 400°C-500°C (200°C-600°C) temperature. In this tempera-
ture, most of the liquids and later condensable vapors are produced. In addition to this, 500°C
is the temperature cap for lignin’s decomposition. So, in this part of the pyrolysis, most of
the primary char is also produced. This means carbonization, biomass is turning into carbon
through reactions. Non-condensable gases are also being released from the biomass. (Basu
2018.)
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When the temperature rises more to the ending temperature of 700°C or 900°C, depending
on if slow or intermediate process is used, the final pyrolysis reactions happen. The vapor
released earlier breaks down into condensable and non-condensable gases. Large (molecular
weight) condensable gases can either turn into char or liquid. If the gases stay in the biomass
long enough, they will break down into secondary char. But if the gases are removed and
cooled outside the reactor, they condense into liquid, tar or bio-oil. Products from the final
phase include tar free carbonized biomass, biochar, different kind of liquids and syngas.
Carbonized biomass is charcoal but usually referred to as biochar when used in carbon cap-

ture and storing in the soil for example. (Basu 2018.)

2.2 Pyrolysis products

There are multiple things that affect the percentual division between the end products. Some
of these are the heating rate of the process as well as the final temperature and pressure of
the pyrolysis. In addition to these, the residence time of the biomass in the process reactor
affects the ratio too. Another thing affecting the product amounts is the composition and
particle size of the biomass used in the process. The pretreatment methods and a possible
process catalyst also affect the product ratio. (Basu 2018.) So, there are many things that can

be adjusted to affect the amount and composition of the products.

When pyrolysis temperature is increased, the biochar production decreases but its heating
value increases. With higher temperature, gas production efficiency and its heating value
increases. Char’s heating value increases because the fixed carbon increases and the volatile
content decreases. These volatiles increase the heating value of gas due to higher amounts
of non-condensable gases CO», CO, Hz, CH4. (Basu 2018; Slezak 2023.) Higher temperature
also influences the reactions of unwanted products like hazardous hydrogen sulfide gas, am-
monia and toxic hydrogen cyanide (Slezak 2023). Temperature’s effect on product yield can

be seen in figure 1.
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Figure 1. Percentual yield of product as function of temperature (Slezak 2023)

Rapid heating rate results in higher liquid yield and more reactive char due to high conden-
sable volatiles. Slower heating rate and longer residence time produces more char because
primary char reacts with the volatiles producing secondary char. (Basu 2018.) When heating
rate is slower, the heat transfer has a higher effect on the pyrolysis process. In fast pyrolysis,
the process is affected mainly by chemical reaction rates. Heating rate also has a higher effect
on product yields under 450°C whereas over 600°C it barely has any effect at all. (Slezak
2023.)

Residence time of the products in the reactor also has an effect. In slow pyrolysis, secondary
char is produced due to longer residence time, but it also reduces sulfur oxides. Short resi-
dence time in fast pyrolysis reduces ammonia and hydrogen cyanide formation. (Basu 2018;
Slezak 2023.)

The composition (and their different decompose temperatures) of used biomass affects the
different products’ yields. Volatiles mainly originate from cellulose and hemicellulose. Con-
densable vapor primarily originates from cellulose and non-condensable from hemicellulose.
Higher non-condensable also means less tar production. Due to lignin’s aromatic content, it
takes a long time to degrade. Lignin starts to decompose in drying phase already, but maxi-
mum release rate is during torrefaction and main pyrolysis. This means that it produces the
most char (40% of its weight), which happens with slow heating rate. Lignin’s liquid yield
contains tar and watery components. Cellulose decomposes into a monomer (without a cat-

alyst) that vaporizes in the main pyrolysis producing gas and oil. (Basu 2018.)
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Pyrolysis is faster in smaller particles because temperature is more even cross it. Condensa-
ble gases get out easier from smaller biomass particles and produce liquid before secondary
cracking, lessening additional char. With larger particles, secondary cracking happens easier.
(Basu 2018; Slezak 2023.) If biomass is pelleted, it increases the production of gas and char
(Slezak 2023).

Catalysts can also be used in pyrolysis process to increase the liquid yield. Different kinds
of molecular sieves, porous materials, could be used. (Basu 2018.) Zinc or iron (111) oxide
can be used to increase the efficiency of biochar production. Calcium oxide, burned lime,
can be used to produce more oil because it lessens water and PAHSs, polycyclic aromatic
hydrocarbons, amounts in oil. Aluminum oxide can be used similarly; it decreases the oxy-
gen amount in oil. Nobel metals can be used to better oil quality, by removing sulfur from
it. Metals like nickel and iron can be used to reduce unwanted products like ammonia and
hydrogen cyanide. Zeolites, similar to molecular sieves, can increase the gas production and

oil quality by reducing oxygen and sulfur content in it. (Slezak 2023.)

High pressure, higher than ambient, increases the char yield as well as its energy density.
Using a carrier gas like nitrogen to remove produced gases can lower the char yield if its
flow rate increases. (Tripathi et al. 2016.) It can be hard to reliably read some of the process
parameters during the pyrolysis process. Which can make it hard to also adjust them. This
again makes it harder to influence the yields of the products in addition to having so many

variables.

2.2.1 Biochar

Biochar is the solid product of the slow pyrolysis process. It can be used as fuel, but it has a
better use as a soil amendment. When used as such, it helps in carbon sequestration due to
the carbon being stored in the soil for at least hundreds of years. This could store up to 50 %
of the raw biomass’ carbon content as a stable biochar while also retraining nutrients. This
IS a better solution than just releasing all the carbon content to the atmosphere while burning
agricultural residue on the fields or leaving forest residue on the ground to release carbon
dioxide and methane while decomposing. (Basu 2018.) As a fuel, biochar’s higher heating
value is 14 to 32 MJ/kg depending on the char content (Slezak 2023). Figure 2. shows bio-

char.
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Figure 2. Picture of biochar (Carbofex 2025)

Since multiple things affect the quality of pyrolysis products, biochar doesn’t have a specific
composition. It typically has 50 to 90 % fixed carbon, 0 to 40 % volatiles, 1 to 15 % moisture
and 0.5 to 5 % ash. The actual quality of biochar comes from its characteristics: the
Brunauer-Emmett-Teller (BET) or internal surface area, pH, cation exchange capacity
(CEC) and carbon recovery in char. (Basu 2018.) BET or internal surface area tells the sur-
face area of a porous material, meaning that the surface of all the pores is counted in. CEC
tells how well biochar can hold positively charged ions, affecting its ability to work effec-
tively in the soil with nutrients for example. (Slezak 2023). Biochar producers can also apply
for a European biochar certificate (EBC) to prove their production process is sustainable and

up to the standards. This also helps customers choose a reliable producer. (EBC 2025.)

Biochar can be used for carbon sequestration and lead to carbon negative emissions. Biochar
itself has a negative carbon footprint of 2.0-3.3 kg of CO.-equivalent (unit of measurement
for the impact of different GHGSs) per kg of biochar on average. The amount of reduced
carbon depends on the used feedstock and biochar’s application. Worldwide biochar could
reduce GHG emissions by 3.4-6.4 Pg CO2-eq and about half of this amount biochar would
be capturing from the atmosphere when used as a soil amendment. (Zhang et al 2022.) This

is due to the positive impact biochar has on the carbon cycle (Gomez et al. 2014). Pyrolysis
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could function as a biomass waste management for agricultural and forestry waste. This
would add value to waste and help with possible GHG emissions and environmental issues.
This could help mitigate climate change by reducing CO2 emissions equivalent to 1.5% of
the annual global emissions. (Zhang et al. 2020; Gémez et al. 2014.) Carbon offset created
by biochar production allows the production company to sell their carbon credits and make

profit that way as well.

Biochar reduces nutrient losses in soil because of its porous texture and therefore lessens the
need to use fertilizers. Biochar helps the soil to be more productive and increases sustainable
food (or energy crop) production. The texture helps the soil to keep water as well. Because
of improved water retention, it decreases contamination and nutrition runoffs. This helps the
water quality around agriculture lands and improves growth as useful nutrients remain within
the growth platform. In addition to agriculture, biochar could help with reforestation. (Basu
2018; Slezak 2023.) On top of runoffs, nitrous oxide and methane emissions can be reduced
from soil with biochar (Gémez et al. 2014). To enhance biochar’s working or eliminate any
negative impacts, it can be loaded with nutrients before soil amendment use, for example
biochar could also be used as liquid manure solidification to store nutrients in it (Klinar
2016).

Biochar can be used in road construction and in concrete construction. When biochar is
mixed with concrete correctly, it improves insulation and humidity management properties,
for example it prevents mold growth due to air condensation on outer walls. In road con-
struction, biochar can be paired with cement production from recycled waste. Biochar can
for example prevent toxic elements escaping from the cement. When biochar is used in con-
struction, it can reduce GHG by 25 % by permanently storing it. (Bartoli et al. 2023.) An-
other example of a promising biochar industry is Lithium-ion batteries (LIBs) where the
fossil-based graphite can be replaced by biochar-based graphite. LIBs are seen as good en-
ergy storage, and biochar could make them more environmentally friendly and cost-effec-
tive. In addition to being a renewable source, biochar also has good cycling stability and
high capacity. (Seroka et al. 2024.) As the usage of solar and wind energy rises, good energy
storage options are needed. In addition, biochar can be used to clean wastewater, removing

metal ions and organic compounds from it for example (Slezak 2023).
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2.2.2 Pyrolysis liquid

The liquid product of pyrolysis (and gasification) has many names but the most familiar are
bio-oil and tar. It’s thick, viscous and black to red-brown colored. It doesn’t have a specific
definition, but it generally contains a complex mixture of hydrocarbons containing lots of
water and oxygen. These condensable hydrocarbons can be sugars, carboxylic acids or phe-
nolic compounds for example. By mass percentage, benzene is the largest component of tar.
The biggest process variants affecting tar’s yield and composition are temperature, reactor
type and the type of feedstock. (Basu 2018.)

When cellulose, hemicellulose, and lignin components start to degrade (200-500°C), the pri-
mary tar is produced. Primary tar contains oxygenates and primary organic condensable
compounds. Tar production happens at the same time as char’s. When temperature is above
500°C primary tar starts to break down into smaller components, non-condensable gases
(CO2, CO, H20) and secondary tar. If the temperature rises higher, all the primary tar is
broken and tertiary tar is formed. The further the tar formation gets, the more aromatic it
gets. Tar condenses in the colder units in the gas downstream or it’s cooled down in a section

where it can be collected. (Basu 2018.)

Bio-oil is viewed as a troublemaker as well as a product. When it condenses, it can clog the
gas pipes or other downstream equipment causing harm to the process system. It can also
form tar aerosols or more complicated structures. If the pyrolysis gas is to be utilized, the tar
needs to be cleaned away. These cleaning methods, like scrubbing and filtration, will remove
the tar but also the particles from the gas while also cooling it. Although the gas is now
fitting to most gas turbines, to produce electricity, the overall efficiency is lower. The clean-
ing process is also quite expensive. (Basu 2018.) The stickiness of the bio-oil can be seen in

figure 3. where it slowly trickles down the bottle.
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Figure 3. Picture of bio-oil in a bottle (Carbofex 2025)

Bio-oil needs to be upgraded before being used as a chemical or fuel. Upgrading means
separating the water and organic parts of the tar. The organic parts can then be used as fuel
or chemical. Slow pyrolysis usually produces tar with higher water content compared to fast
process. Because the upgrading process is expensive, bio-oil isn’t used that much commer-
cially but rather burned to produce heat. Its heating value is 13 to 20 MJ/kg because it con-
tains a lot of oxygen. Combustion process can also be difficult because tar also contains
carboxylic acids, making it corrosive. (Slezak 2023.) Whether used for combustion, chemi-

cal feedstock or transportation fuel, it offers a greener choice (Basu 2018).

An example product of bio-oil is wood vinegar. This production is a little time consuming
since bio-oil needs to be kept in a container for at least 3 months and then separated from
the bottom solid tar. Wood vinegar is mainly water but contains high amounts of different
compounds like acetic acid, methanol, phenols, and formaldehyde. In East Asia, wood vin-
egar is used for medicine, food and agriculture for example. While elsewhere in the world,
it is used very little. Wood vinegar also has biochar-like attributes because it can improve
soil quality, increase vegetable growth and their sugar content for example. (Ouattara at al.
2023.)
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2.2.3 Pyrolysis gas

The pyrolysis gas is first a mixture of non-condensable and condensable gases. Non-conden-
sable gases are called primary gas, and when condensable gases cool down, they produce
tar. Primary gas is a mixture of COz, CO, Hz, CH4 among some other few low-molecular-
weight gases. If input biomass had moisture in it, there would also be water vapor. Conden-
sable gases can also crack into non-condensable gases at high temperatures, producing sec-
ondary gas. Typically, primary gases’ lower heating value is smaller than secondary gases’,
11 MJ/m3 versus 20 MJ/m3. (Basu 2018.) In addition to the previous molecules, pyrolysis
gas can have some not so wanted compounds, like hydrogen cyanide, hydrogen sulfide and
the oxides of nitrogen or sulfur. Some ash particles and water vapor might also travel with
the gas. (Slezak et al.2023.)

Process parameters and the type of biomass have the biggest effects on the composition of
gases. From process parameters, mainly the higher the heat and heating rate, the better the
gas production is. Biomass with high moisture produces more hydrogen gas and higher vol-
atile content leads to higher amounts of gas and liquid. Carbon dioxide mainly originates
from hemicellulose, because of the decomposition and reforming of its carboxylic groups.
Carbon monoxide’s main source is cellulose’s carbonyl and carboxylic groups, where C-O
and C-O-C chains crack. Cellulose demethylation produces methane. Methane is also pro-
duced from methoxy and methylene groups breaking. Lignin for example has methoxy
groups in its aromatic structure. Lignin is also a source of hydrogen because of decomposi-
tion and reforming of aromatic rings and C-H groups. (Slezak et al. 2023; Zhang et al. 2023)

Pyrolysis gas can be used for heat and electricity production by combustion or chemical
production after cleaning it from impurities. The produced heat can be utilized for the pro-
cess or biomass drying. This reduces the need for fossil fuel usage to produce needed heat
or electricity. It’s also a sustainable source for chemical production. (Zhang et al. 2023.) For
chemical production, pyrolysis gas needs to be cleaned into syngas. Syngas is just a mixture
of hydrogen and carbon monoxide. Liquid transport fuels can be made from it, for example
diesel or gasoline through the Fischer-Tropsch synthesis. It can be further separated to just
hydrogen or utilized in fertilized production with ammonia or produce methanol. (Basu
2018.)
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3  Pyrolysis process energy balance

This chapter introduces the energy balance of the pyrolysis process. The main in and out
flows of energy, and mass, are discussed. Possible energy losses and the efficiency of the
process are also brought up. Energy balance is an important aspect of chemical processes,
since it affects the products’ quality, economic viability, safety, process control and effi-

ciency and environmental impact (Chen et al. 2014).

There are three different types of energy or heat related to pyrolysis. Sensible heat refers to
the temperature change of an object while still holding its form. Latent heat, which is the
opposite of sensible heat. It means the energy change of an object when it changes its form.
Lastly, chemical energy that is stored in the bonds between the atoms in molecules for ex-

ample.

Any combustion-like process is generally hard to assess perfectly when it comes to energy
flows, since multiple different reactions are happening simultaneously. Some of them being
reversable and others irreversible reactions. In addition, reactions are often complex and hard
to measure in general. The pyrolysis process has multiple stage reactions with numerous
things affecting them. (Basu 2018.) In theory, energy balance is formed by having as many
independent equations as you have unknown variables. In reality, it’s hard to obtain the pa-

rameters needed for all the materials. (Klinar 2016.)

The energy used for feedstock and product transport is not discussed here. The energy dif-
ference between grown feedstock and possible crop waste isn’t discussed here either since
wood as a feedstock is the focus. Pretreatment and transportation energy consumptions are
important when calculating life cycle analysis for example.

3.1 Energy balance

Main energy inputs to the process are the feedstock’s energy and the heat used for drying
and upholding the pyrolysis temperature. At the same time, this heat energy is also the output
from the process. This is due to the utilization of pyrolysis gas.
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Depending on the material used, the drying process might require a good amount of heating
energy. In drying, free water evaporates allowing the feedstock to be also warmed (Basu
2018). Drying is important before pyrolysis since high moisture feedstock will produce ex-
cessive amounts of water vapor during the process. The water vaporization will have a neg-
ative effect on efficiency, energy consumption and product quality of the process. (Rezaei
et al. 2018.) Water vaporization might consume so much of the input energy that it is no
longer enough to keep the pyrolysis process going (Klinar 2016). Feedstock can be dried

with hot pyrolysis gases (Kan 2016) or heat produced by combustion of external fuel.

Heat required by the pyrolysis process might be hard to estimate well (Chen et al. 2014).
Faster pyrolysis requires more heat energy than slow since higher temperatures and heating
rates need to be reached. Even though pyrolysis is exothermic, it requires external heat for
compensating the sensible and latent heats of products and heat loss of the reactor (Kodera
et al. 2016). Needed heat can be provided by burning some of the noncondensable pyrolysis
gases for example. (Basu 2018.) In some cases, some of the bio-oil might be burned as well.
Pyrolysis temperature needs to reach a certain level before it’s capable of producing gases
with needed energy for pyrolysis’ required heat (Cong et al. 2018; Crombie et al 2014). This

creates a kind of a circle process.

Heat requirement is the biggest in the beginning, since most of the reactions in pyrolysis’
first stages are endothermic. In this stage, feedstock mainly dehydrates, heats up and prod-
ucts like active cellulose are formed. Products forming in this stage are not detected in the
final stages though. In the second and third stages, more exothermic reactions happen, like
depolymerization and the release of volatiles. (Basu 2018; Cong et al. 2018.) The energy
needed and released in the reactions is impossible to measure during continuous pyrolysis,
therefore it is hard to estimate the needed external energy. The heat requirements also change
based on pyrolysis parameters, like reactor type or residence time for example. Based on
numerous tests, it has been estimated that the needed heat is somewhere around 6-18 % of
the feedstock’s higher heating value. (Cong et al. 2018.) In some cases, it might even need
26 % of the HHV when drying of the biomass and energy needed for water vaporizing and
gas heating is also considered. Most of this energy input can be recovered in the process,

which makes the whole process possible. (Klinar 2016.)

Energy balance for the pyrolysis process can be presented in many ways mathematically. It

all depends on how specifically different variants want to be considered or with what kind
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of values they want to be included in. Some cases, some of the starting values can be gotten
from graphs and functions that have been made based on earlier tests or selected from liter-

ature for example (Klinar 2016). Simply, pyrolysis energy balance starts from equation (1).

Energy input = energy output + energy losses — Ey, = Eoyr + Ejpss (1)

Next, the task is to determine what these different energies consist of. In input, we have the
biomass feedstock, drying and heating and the energy required for the pyrolysis process.
Drying and heating can be seen as all the possible moisture vaporizing and heating the bio-
mass and the water vapor to the pyrolysis temperature. In addition, the air used in the pyrol-
ysis process, often nitrogen gas, needs to be heated. (Klinar 2016.) Input would look like

equation (2) in a simple form.

Ein = QM + Qary + Qneating + Cpy 2)
Where Qgwm is the chemical energy of biomass, wood chips in this case, Qury is the energy
amount needed for drying, Qneating IS the energy amount needed for heating and Qpy is the
energy amount needed for the pyrolysis process. All of these energies can be in watts or
Joules (or watt-hours).

Now we need to determine the energy output. This is all the chemical energy and sensible
heat in the end products. The end products being biochar, pyrolysis gases and bio-oil. Form-

ing into an equation (3).

Eout = Qpc + ans + Qoir (3)
Where, Qgc is the chemical energy in biochar, Qgas is the energy produced in gas combustion

and Quoil is the chemical energy of bio-oil.

Lastly, there are always some sort of losses somewhere in the process system. The amount
tells about the efficiency of the system. The losses could be heat radiation or convection for
example. For simplicity, it is often just set as a percentage of the main input energy. (Klinar
2016). They can also be estimated by calculating heat radiation and convection from the
pyrolysis reactor (Kodera et al. 2016).
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3.1.1 Wood input

Pyrolysis process of wood is complex, and both endo- and exothermic reactions take place
in the reactor. In pyrolysis, wood’s chemical energy partly turns into heat and transforms
into pyrolysis products’ chemical energy. Main parts of wood, lignin, cellulose and hemi-
cellulose, act differently in the process. Lignin’s and hemicellulose’s pyrolysis are exother-
mic. The pyrolysis of cellulose is endothermic under 450°C but turns exothermic when tem-
perature rises. (Basu 2018.) Usually most of the wood is cellulose, but it varies which one
there is more next, hemicellulose or lignin (Phyllis). If all parts would go through pyrolysis
separately, their results added together wouldn’t be the same as wood’s where they are all
together (Chen et al. 2014). This means that wood’s pyrolysis can’t be inspected through its
parts. It is known though that hemicellulose has less complex structure compared to the two
other major components, which causes it to require less energy and temperature to break
(GOmez et al. 2014).

The feedstock’s chemical energy can be estimated based on its heating value. Wood’s heat-
ing value varies a lot, but it is most commonly around 18 MJ/kg (Phyllis). This value is
composed of wood’s parts heating values. Pure cellulose’s heating value is 16.5 MJ/kg, hem-
icellulose’s 13.9 MJ/kg and lignin’s 20.4 MJ/kg (Kim et al. 2017).

Particle size is important when it comes to heat energy and process efficiency. Heat is trans-
ported to the feedstock’s surface by radiation and convection. The inner heat movement
happens by conduction and pore convection. (Basu 2018.) So, the smaller and porous the
feedstock is, the more efficient the heat is transported to the whole particle. On the other
hand, pellets are easy to treat, which lessens the energy used for pretreatment (Gomez et al.
2014).

Multiple things in the equation (2) are related to the wood input. Firstly, the chemical energy
Qgwm. Since there isn’t yet any temperature change, sensible heat of biomass comes in at the
heating/drying part, where the temperature change is between biomass input and the end

heating temperature. Chemical energy of biomass is calculated with equation (4).

Qpy = Mgy * LHVgy (4)
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Where mgwm is the mass (or mass flow) of biomass and LHVew is the lower heating value of
this biomass. If mgm is mass, the answer Qgwm is in Joules. If it’s mass flow, the answer is in

watts.

Drying Qudry and heating Qneating take in the energy needed to vaporize the moisture in the
biomass feedstock and then heat them up to the needed temperature. The sensible heat of
biomass and water vapor can be calculated with equation (5) and the energy needed for the

water to vaporize with equation (6).

Qneating = Mpm * Cppm * AT + m,, * ¢y, * AT (5)

Qary = my, * Hy, (6)
Where, cpam is the specific heat capacity of wood chips (2.0 kJ/(kgK)), AT is the temperature
difference between intake and final temperatures, my is the mass of water and cpw is the
specific heat capacity of water (4.18 kJ/kgK)). Hw is the latent heat of water, which is around
2260 kJ/kg at 100°C. Mass can be replaced by mass flow again to receive watts instead of

Joules.

The last unknow in equation (2) the needed energy for wood pyrolysis Qpyr, isn’t something
simple to calculate. The approximate amount for it can be received from test runs on how

much energy it takes to upkeep the process.

3.1.2 Other things to note related to energy balance

Since pyrolysis needs to happen without oxygen to prevent combustion, nitrogen can be used
to create an inert atmosphere. It requires heat energy to heat nitrogen into the same temper-
ature as the process, therefore creating an additional heat demand. Nitrogen gas can have a
steady flow through the pyrolysis reactor to also move the pyrolysis gas with it. This way it
can be used to control the reactions as well, since it affects the pyrolysis gas’ residence time
in the reactor. (Ogemdi 2019; Dedono et al. 2015.) If pyrolysis gases are removed from the
reactor too early, there is a loss of energy and lower char yield. The loss of energy is caused
due to less secondary reactions. These reactions are caused by vapor cracking which are
exothermic. (Chen et al. 2014.)

There are other things not straight related to pyrolysis that require energy. Examples of these

are material handling and auxiliary machinery but they are not related to pyrolysis process
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energy balance. Pyrolysis process’ energy balance might affect the required external energy
though if there aren’t enough excess pyrolysis gases to burn to produce energy for these
processes for example. It is difficult to assess the energy content of pyrolysis gases and how
much of them are needed for the pyrolysis process. Some of these values are good to be
acknowledged for and are therefore presented in the case study. Equations that are needed

for these are presented below in addition to couple other useful equations.

Air flow in the dryer

My

Mair = 3,

(7
Where mair is the mass airflow from fans, my is the mass flow of water that is needed to be
carried away with the air, AW is the humidity change between intake and exiting air. Here

for example the change between 40% humid air at 15°C and 99% humid air at 100°C.

Mechanical power of a fan (blower)

Mair*Ap
Precn = ——— (8)
Nfan
Where Pmecn is the mechanical power needed for the fan/blower to operate, also meaning the
required electricity. Ap is the difference in pressure between intake and exit and #san is the

efficiency of the fan, so how well it transforms the received electricity to mechanical power.

Heat exchanger, water side

Qreq = 1M, * Cwp * (Tin — Tout) 9)
Where Qreq is the energy required for the temperature difference, my is the mass flow of
water, Tx is either the temperature of water entering or exiting the heat exchanger. Either

temperature can also be calculated if the input energy for the heat exchanger’s water side is

known.

Yield percentage

Yo, = —27% (+ 100%) (10)

Minput
Where mprod IS the mass of the product, minput IS the mass of the input, wood in this case.
Yield can be displayed either as a percentage or share. Yield could also be calculated based

on volumes for example.
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3.2 Energy in pyrolysis products

Feedstock, pyrolysis method and conditions etc. affect the energy distribution between the
products. At least 80 % of the input energy can be transferred into biochar, bio-oil and py-
rolysis gas. (Cong et al. 2018; Crombie et al. 2014.)

3.2.1 Biochar

The higher the fixed carbon amount in biochar is, the higher its heating value. This also
means that more volatiles have contributed to gas and oil’s energy contents. Since the content

percent of these vary, the heating value range of biochar is wide.

In equation (3) Qgc includes both chemical energy and sensible heat in it for biochar, these
can be calculated with equations (11) and (12), respectively. Both are calculated pretty sim-
ilar to biomass. In sensible heat, the temperature difference is between biomass input tem-

perature and the pyrolysis temperature.

qgc = Mpc * LHVg, (11)
Qspc = Mpc * Cppc * AT (12)

Where mgc is the mass (or mass flow) of biochar, LHVgc is the lower heating value of bio-

char, cpac is the specific heat capacity of biochar.

3.2.2 Bio-oil

Due to bio-oil’s complex composition of compounds, it is difficult to calculate values for it.
Enthalpy of formation can be calculated from the heat of combustion and elemental compo-
sition. However, heat of vaporization can’t be measured because vaporization and conden-
sation are irreversible for bio-oil. (Yang et al. 2013.) Energy content can therefore be solved

through analysis.
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In equation (3) Qoil, similarly to biochar, includes chemical energy and sensible heat of bio-

oil. These can be calculated with equations (13) and (14), respectively.

Qoit = Moy * LHV (13)
Qs,0it = Mojy * Cpoig * AT (14)
Where mo; is the mass (or mass flow) of bio-oil, LHV,i is the lower heating value of bio-oil,

Cp,oil IS the specific heat capacity of bio-oil.

3.2.3 Pyrolysis gases

The reactions, like depolymerization and decarboxylation, which produce most of the gases
are well known but the composition of the gas has been studied less (Crombie et al2014). It
is known that the energy content of the gas increases with temperature (Gémez et al. 2014),
but this energy content is difficult to assess. When the temperature in the pyrolysis process
is high enough, in other words when the energy content of the gas is high enough, the gas
can be utilized as a process heat. Most of the gas, 50-75 %, will be utilized for the process
while excess can be burned for energy for other purposes. The heat from the pyrolysis pro-
cess and flue gases can also be utilized by heat exchangers.

In equation (3), Qgas, Same as other products, includes chemical energy from combustion and
sensible heat of pyrolysis gas. These can be calculated with equations (15) and (16) respec-

tively.
Qgas = Myqs * LHVgaS (15)

Qs.gas = Mgas * Cp,gas * AT (16)
Where mgas is the mass (or mass flow) of pyrolysis gas, LHVgas is the lower heating value of
pyrolysis gas, Cpgas IS the specific heat capacity of pyrolysis gas. Bio-oil mixed with the
pyrolysis gases makes it difficult to measure the gas flow effectively. It could clog some of

the measuring instruments or distort the results.
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3.3 Waste heat and efficiency

Process always has efficiency and losses. These are usually given as percentages. These can
be calculated or estimated. Several different efficiencies can also be set for the process, de-
pending on what values are taken into consideration. It’s important to know the efficiency
of a process to understand if it’s productive and profitable. If the efficiency is too low, some
changes should be made to the process. Since things affecting efficiency change a lot de-
pending on the process, it is hard to determine general efficiency for pyrolysis. In some
cases, for example the heat input of pyrolysis is considered to not affect the efficiency di-

rectly since it’s produced and consumed internally in the process (Klinar 2016).

If the energies of dry biomass input and the products are compared, the efficiency would be
over 100%. This is due to the process heat affecting the sensible heat of pyrolysis gas for
example. If the input heat is also considered, the efficiency is still quite high. The combustion
efficiency of the produced syngas is assumed to be 84% due to thermal losses. Some of these
thermal losses can be utilized through heat exchangers for example. Sometimes chemical
reaction efficiency is also considered when calculating combustion for example. (Fambri et
al. 2024.) This means that if it’s lower than 100%, not all combustible gases turn into prod-
ucts. The amount of oxygen could affect the outcome and that’s why there is usually more
air than needed. This also lowers the chances of unwanted compounds forming, like nitrogen
oxides (NOx) (Fambri et al. 2024).

3.4 pyrolysis gas combustion and utilization

The combustion of pyrolysis gases is an important part of the energy flow in the whole pro-
cess. It provides the temperature needed for the pyrolysis process, dries the input wood and
produces additional heat for other purposes. The most significant gas components in the
pyrolysis gases are carbon monoxide, carbon dioxide, hydrogen, and methane. Water vapor
is also a likely component due to some left-over moisture in biomass. Nitrogen is often used
to prevent oxygen from entering the pyrolysis process; therefore nitrogen is also one of the
components. Carbon dioxide, water vapor and nitrogen can’t be combusted, but they carry

sensible heat.
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However, it is difficult to measure the produced amount of gas and its heating value. There-
fore, it’s hard to estimate the produced heat energy as well. Some of the produced pyrolysis
gas is directed back into the process. It will be cooled down a bit for the bio-oil to condensate
and then the gas is combusted. The rest of the pyrolysis gas goes to a boiler, to provide heat
for district heating for example. Automated system measures the pyrolysis temperature and
directs the gas amounts as needed. The combustion gases from the process go to a heat ex-
changer to provide heat for feedstock drying for example. (Gomez et al. 2014; Carbofex
2025.) With enough assumptions and simplifications, an example could be calculated on

Excel.

The amount of 1 m®of pyrolysis gas was selected for the example calculations. Pyrolysis gas
components are CO 30%, N2 22%, H2 15%, CO. 15%, H,O 10%, CH4 5% and C2H4 3%.
Percentages are given in volume percentages and are based on multiple sources (Kokko et
al. 2011; Copilot 2025). Nitrogen and water vapor amounts are assumptions. Total combus-
tion occurs at 750°C (1023 K) and the combustion air has 21 volume percentage of oxygen.
Only some of these gases are combustible (CO, CH4, C2H4 and Hz) and produce around 2.5
MJ. The temperature of the flue gases is lower than the actual combustion temperature, here
650°C is used. With 0.94 kg/s mass flow of flue and non-combustible gases, the sensible
heat is 793 kW. Heat exchanger could produce around 549 kW heat when efficiency of 85
% is considered. In this case, it’s assumed that there is no temperature difference between
flue gases coming from the pyrolysis reactor and the boiler. This is due to the difficulty of
estimating the sizes of the flue gas flows from each source.

For comparison, lambda, the air-fuel ratio, is raised from the stoichiometric amount (1) to
1.1-1.3, to ensure complete combustion. Lambda value 1.2 was chosen while the syngas
composition and other values are kept the same. The extra intake air adds up to the flue gas
mass flow and sensible heat. Flue gas now has a sensible heat of 890 kW and heat exchanger
production possibility of 617 kW. Flue gas mass flow has increased to 1.07 kg/s. Excess
nitrogen has a bigger impact than excess oxygen since there is more of it, and nitrogen also
has a higher specific heat capacity. Excess air added around 100 kW to the possible sensible
heat from flue gases. This could be crucial, since it can for example raise the temperature of

water by 24 degrees, when the water mass flow is 1 kg/s.

Energy released in combustion for each gas is calculated similarly to the equation (15). In-

stead of mass, the amount of moles where used. Because of this, LHV was replaced with



29

each gas’ standard enthalpy of combustion. This was calculated through standard enthalpy
or heat of formation. The energy content doesn’t differ much whether it was calculated with
LHYV or standard enthalpy of combustion. In the calculations, the temperature has been taken
into account in the densities. When calculating the sensible heat of the fuel gases and non-
combustible gases, the equation (16) was used. But the mass was replaced with mass flow
and the temperature difference of 650°C and 0°C was used. Same type of method was used
to calculate the heat exchanger power, where temperature difference was 650°C and 120°C.
These calculations are just a rough example with many simplifications. The Excel sheets can

be seen in appendix 1.
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4 Case study of Carbofex’s biochar production

Carbofex is a company that offers their knowledge and technology in biomass pyrolysis and
biochar production field. They currently have a demo facility at Nokia, where they produce
biochar by pyrolysis. They produce about 1000 tons of biochar a year. The pyrolysis oil is
also recovered, adding up to 600 tons a year. With their heat recovery system, they produce
8000 MWh clean energy for district heating network. Their biochar production and biochar’s
use help to remove CO2-eq around 3200 tons. (Carbofex 2025.) In figure 4. The process

equipment can be seen.

Figure 4. Carbofex process equipment (Carbofex 2025)

4.1 Production process

Wood arrives at Carbofex facility from nearby areas. Wood comes from thinning, or it’s
wood that has too small diameter for forest industry use. The small logs are chipped and
stored in a hall. Carbofex is currently using spruce wood. The bark isn’t removed because it
doesn’t affect the process that much. The chips are transferred to the dryer where chips are

dried with the utilization of the heat from the boiler and heat exchanger. The dried chips
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move to the day storage to be ready for the next step. After the dryer, the chips’ moisture is

around 20%.

Wood chips are fed into a screw conveyer that goes through the pyrolysis reactor Nitrogen
is used as filler and inert gas with a small excess pressure, so that any possible air can’t come
through. As well as two valves of which one is always closed. The same kind of valve me-
chanic with Nitrogen gas is utilized on the reactor exit for the biochar. Biochar is cooled
down and sprayed with water to reach safe transportation and storing moisture preventing
self-ignition. Biochar is then packed into big sacks in Nitrogen environment.

The pyrolysis gas, syngas, is cycled back to the beginning of the pyrolysis reactor and cooled
down to the point where bio-oil, tar, condenses and it is recovered. Pyrolysis gas and some
of the bio-oil are then fed into the pyrolysis reactor to combust. The rest of the bio-oil is
stored, and the rest of the pyrolysis gas is channeled to the boiler. An automatic system
measures the amount of gas needed for the pyrolysis process based on the temperature dif-
ference to the set ideal temperature. Combustion gas, flue gas, exits from the end of the
reactor and then passes through the heat exchanger. In addition, the flue gas from the boiler
also passes through the heat exchanger. The pyrolysis process is initially started with an oil

burner. The process can be seen in figure 5. in a simplified form.

Chips

—=— Pyrolysis Biochar —— User

Flue gas

burner . exhaust
Pyrolysis
gas [ Bio-oil —— User

Hot

Round T water . District
wood Chipping Dryer Boiler heating
Water Flue
Water gas
return
Flue gas heat Flue gas
exchanger exhaust

Figure 5. Simple process chart (Flare burner is only used in certain situations)
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4.2 Process data

Used process data is taken from a time of about 8 months. The pyrolysis process uses around
431 kg of spruce per hour, which is then chipped. Wood’s moisture content varies, so the
amount of energy needed at the dryer varies as well. At the pyrolysis reactor intake, the
moisture content should be about 20%, so 86 kg of water. Vaporizing the water requires
additional energy inside the pyrolysis reactor before the pyrolysis. Dry wood chips contain
7763 MJ equation (4) or 2.2 MW. To vaporize the moisture still left in chips, it requires
about 196 MJ equation (6) or 54 kW. Heating chips (and moisture) from intake temperature
to pyrolysis equation (5), it requires 795 MJ or 221 kW (without moisture 561 MJ or 156
KW). If the pyrolysis process is run at 30% of the maximum, it requires all the produced gas
itself. If it is run at 40%, pyrolysis process can produce 103 kW at the boiler. This would
mean that the pyrolysis process requires about 308 kW to run itself. Even though the boiler
capacity is 2 MW, the process is run maximum at 90%. This means that the maximum power
is around 616 kW (100% at 718 kW). (Boiler data based on a five-hour test run.)

When the pyrolysis process is started the first time, light fuel oil is needed. In a year, about
3500 liters is used. This adds up to 141 MJ or 4.5 W, when 42 MJ/kg and 0.96 kg/m? is used
for fuel oil. This isn’t a huge amount compared to other energy flows but still worth men-
tioning. Estimated emissions from light fuel oil usage are 7.42 kg/CO--eq and 46.05 kg/CO-
eq from preheating the pyrolysis reactor. (Ecobio 2023.)

Most of the heat energy produced at the plant is used at the dryer, but it also requires the
most electricity, 9.8 MWh. But because the used energy is produced by wind energy, the
emissions are 4.77 kg/CO-eq. The biochar production process requires 8.1 MWh of elec-
tricity, and the emissions are 3.96 kg/CO2-eq. Chipping only requires 1.1 MWh of electricity
(Ecobio 2023.)

There are 8 heat exchangers heating the dryer’s air, each being 150 kW in power. Due to
efficiency restricting issues like cramped airflow through the chips, the combined heating
power of the heat exchanger is 800 kW. The air is blown through these heat exchangers into
the dryer. The fans automatically adjust by dynamic pressure. Their electricity consumption
isn’t measured but can be estimated with the equation (8). If the efficiency of 70% and pres-
sure change of 500 Pa is used, required mechanical power is 507 Wh. This can be divided

for multiple fans. The airflow used here can be calculated with equation (7).
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The dryer for the wood chips works with liquid-liquid-gas heat exchanger warming the dry-
ing air. On the liquid side, there is hot water coming from the boiler warming the other liquid,
anti-freezing solution. Arriving hot water is around 75°C and its mass flow is 2.23 kg/s. The
water returns though the flue gas heat exchanger back into the boiler. Anti-freezing liquid,
ethylene glycol in this case, is needed due to liquid-to-gas heat exchanger locating outside,
and Finnish weather going below freezing during the winter. The thermal loss in this glycol
cycle is estimated to be negligible. So, utilizing the needed energy for heating and drying of
the chips for equation (9) and the temperature and flow of the hot water, water returns at
60°C.

The energy needed for heating and drying is quite difficult to estimate, because the surround-
ing weather affects the efficiency among many other things. Higher moisture and colder air
both rise the required airflow and temperature, since they effect air’s capabilities to carry
water. For example calculations, it is assumed that the outside temperature as well as the
chips is 15°C. Since the pressure is the same as atmospheric pressure, water’s boiling point
is 100°C. Therefore, temperature needs to be raised 85 degrees to be able to vaporize water
out of the chips. The chip’s inlet moisture is set at 50% and outlet 20%. Utilizing equation
(5) and equation (6) with the chip flow of 431 kg/h, we get 113 MJ and 531 MJ or 31 kWh
and 147 kwh. In this calculation, the efficiency of 70% is used for the dryer.

Based on a gas analysis (Kokko et al. 2011), the pyrolysis gas composition is CO2 35.0-43.0
%, CO 49.5-54.0 %, CH4 6.6-9.7% and C2H4 0.9-1.3%. All percentages are volumetric, and
Nitrogen nor water vapor has been taken into account. Carbon dioxide doesn’t release energy
when burned but it has sensible heat, like the other gas components. The sensible heat of
pyrolysis gas isn’t that meaningful since it’s going to go through combustion to be utilized.
The gases contain about 0.5 MJ of energy when using values between given percentages.
This was calculated the same way as in chapter 4, utilizing equation (15). The LHV of the
pyrolysis gas is around 9 MJ/kg or 217 kJ/mol with the chosen percentage values. The LHV
can reach the value of 11 MJ/kg with certain percentages in the range, which would be the
lower limit found in literature (chapter 2.2.3). By calculating with yield-% (equation (10))
and with 5% loss, 0.33 kg of gas is produced to every 1 kg of wood chips. This produces 356
kWh which differs from the amount received from the combustion calculations. The yield
calculations also give a mass flow of 0.03 kg/s which is utilized while calculating energy

contents.
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The bio-oil that condensates from pyrolysis gas has LHV of 16.8 MJ/kg based on an analysis
(Eurofins 2021). This value sets in the middle of the range, 13—20 MJ/kg, that’s found in
literature (chapter 2.2.2). During a period of 8 months, 110 m?® of oil is produced. This oil
contains about 107 kWh.

Based on an EBC analysis of biochar (Eurofins 2024), it contains 92.9 % carbon (total), 11.8
% moisture, 2.1-2.9 % ash and 4.2 % volatiles. 82.0 % of the carbon content is organic
carbon, which affects the soil properties for example. HHV (as received, 11.8 % moisture)
IS 29.5 MJ/kg, and when dried 33.4 MJ/kg. LHV of biochar is 28.9 MJ/kg and 33.1 MJ/kg.
This somewhat fits in the range found in literature 14 MJ/kg to 32 MJ/kg (chapter 2.2.1). In
theory, if the carbon content was 100% (no ash or moisture), heating value would be 32.8
MJ/kg. So additional volatile compounds and hydrogen content for example raise the heating
value of biochar. It could also be that the tested heating value is inaccurate. The analysis also
measured biochar’s oxygen (2.6 %), hydrogen (1 %), sulfur (less than 0.03 %) and nitrogen
(0.5 %) content. These are important since they affect biochar’s properties, applications, and
environmental impact. Biochar can be produced 4000 m? in a period of 8 months. This
amount char adds up to 1.95 MWh. This energy content is only relative if the biochar was

used for energy production, in other cases the quality matters more.

4.3 Process data analysis

Every value mentioned in the pyrolysis process energy balance (equation (1)) has now been
determined. This means that the incoming (equation (2)) and outcoming (equation (3)) en-
ergies can be calculated. The losses and efficiency can also be determined. The efficiency
tells only the pyrolysis efficiency and not including for example pyrolysis and flue gas uti-
lization. Therefore, it isn’t enough to evaluate the whole demo plant process. That’s why it's

also important to take a look at other values.

Equation (2), the input energy, gives 2.61 MW and equation (3) equals 2.41 MW (period of
8 months). By dividing output energy with input energy, efficiency of 0.925 is received. This

Is quite high, so possibly calculated with too little losses. Since some of the energy produced
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is also consumed internally, it’s hard to evaluate which values to take in and what part of

them. In addition, some of the values can be calculated in multiple different ways.

Heating and drying for example require only half of the heat pyrolysis process requires (148
kW vs. 308 kW). But then again, some of the heat required for the pyrolysis (308 kW) goes
to the left-over moisture vaporization as well as heating the wood chips (54 kW and 221
kW). This means that technically only 33 kW is left to upkeep the pyrolysis reactions. This
might be enough since the reactions turn exothermic when temperature rises (Basu 2018).

On literature, 6-18 %, or even 26%, of the feedstock’s HHV was estimated to be needed for
pyrolysis process as heat (Cong et al. 2018; Klinar 2016). Based on data, around 14% is
needed for the process. When all the heating and drying is also considered, it increases to
21%. The actual pyrolysis process reactions only require around 1.5%, which means that
drying and heating require majority of the heat (20%). These heating requirements don’t
count in the need for combustion air preheating or nitrogen gas heating in the pyrolysis pro-

Cess.

Heat needed at the dryer is problematic to assess. Example calculations only estimate what
it technically requires but needed heat energy could be more due to weather conditions and
lower efficiency. As an example, during Autumn the surrounding air’s and the received
wood’s high moisture (could be over 55%) makes it very power consuming. Meaning that
either temperature needs to be raised or the air flow. During moist weather, the saturation
point of air needs to be taken in account. At winter times, the low temperature and possibly
frozen chips also require special attention. The heat energy required for drying and heating
Is more than just what is consumed at the dryer when counting in the part that happens in the

pyrolysis reactor. All heating and drying together require about 422 kW.

Pyrolysis gas also has its own difficulties when it comes to calculating realistic values. Mass
or volumetric flow is difficult to calculate due to tar being present. This also applies to the
chemical composition. While calculating the energy pyrolysis gas contains, the values differ
(356 kW vs. 542 kW). Lower amount is received using calculated mass flow and LHV.
Higher amount is received from combustion calculations. When the gas is burned, it doesn’t
necessarily burn perfectly and the lambda (air—fuel equivalence ratio) value might fluctuate.
The air amount also affects the amount of sensible heat of the flue gas. Earlier stated that 50-

75 % of gas will be utilized for process heat. Based on calculations, 57-86% of gas would
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be utilized. This percentage doesn’t count in the utilized sensible heat of flue gases, just the
combusted syngas in pyrolysis reactor. With the calculated syngas mass flow, produced flue

gases produce enough heat for heating and drying at the dryer (363 kW vs. 147 kW).

Flue gas heat exchanger receives flue gases from boiler and pyrolysis reactor. There might
be a temperature difference between these and make it difficult to determine the actual tem-
perature of the hot side. The needed heat energy amount also fluctuates based on the drying
and heating amount at the dryer. Gas temperature exiting the reactor is lower than the pyrol-
ysis temperature. If the pyrolysis temperature is around 750°C, gas temperature could be
closer to 600-650°C. Exit temperature from boiler could be considered to be lower than this

due to water cooling.

Once flue gas goes through the heat exchanger, exhaust temperature is tried to be kept at
120°C. When it comes to the heat transfer into the water, data given and calculations differ.
Based on data (5-hour test run), water inlet temperature to boiler is 64°C and exit 75°C.
When it comes to calculated values utilizing equation (9), inlet temperature would be closer
to 77°C. In addition, based on calculations water returning from the dryer would be around
60°C. The heat energy provided by the flue gas heat exchanger would raise the temperature
by 20°C (if flue gas temperature change is 650°C to 120°C), but dryer only requires around
10°C drop in temperature. These value differences indicate that there are more losses on the
process than evaluated or drying and heating require more energy. Other reason could also
be short data period, meaning less accurate data. Values used on calculations are also esti-
mates, like the flue gas temperature exiting boiler for example. Flue gas temperature from
boiler is most likely noticeably lower than flue gas from reactor, but for simplification it was
assumed to be the same. It could also be that the flue gas heat exchanger wasn’t running
efficiently during this test run. In any case, it is important to utilize the sensible heat in the

flue gases for efficiency, costs and environment for example.

The distribution of products (56% biochar, 5% bio-oil, 33% gas and ~5% loss) best matches
a pyrolysis at the temperature around 380°C based on figure 1. Even though the temperature
used here is double the value. Figure might be inaccurate but also proves that pyrolysis is
affected by many other factors than just temperature. The energy division between these
products can be seen in figure 6. Some energy flows are also added to this figure for com-
parison. These energy flows are during one hour for simpler numbers, since hourly mass

flows are based on longer time (about 8 months) mass flows. Usually the balance is portrayed
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with annual data to reduce the effect of fluctuations. Main fluctuation affecting the whole

process is the moisture of the wood and the surrounding air properties around the dryer.

It is quite impossible to compare results to anything in the literature since pyrolysis processes
are never really the same. In addition, no default values exist for certain inputs, temperatures
or reactors used. Since in this process, biochar isn’t aimed to be an energy source for pro-
cesses, optimization of the process might differ from those kind of pyrolysis processes. Bi-

ochar’s value here is measured more in the quality rather than quantity or high heating value.
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Figure 6. The energy division between energy flows

When using the 5-hour test run as base for example calculation, total produced energy at the
boiler is 513.2 kWh. The syngas would produce 1781.7 kWh and pyrolysis process would
require 1539.6 kWh. With these values, it would leave only 242.1 kWh to be produced in
the boiler. If syngas energy is counted through combustion calculations, it equals to 2709.4
kWh. This would leave plenty of excess energy, 1169.8 kWh, for boiler. The real produced

energy from syngas is most likely somewhere between these two values.

Similarly to pyrolysis gas calculations in chapter 3.4, the lambda value was changed for
more realistic process with excess air. The excess air increases the flue gas flow and the
sensible heat it carries. Therefore, increasing the usable heat energy at the flue gas heat ex-
changer by a little bit (14.8 kwW). On the other hand, it might also increase the thermal loss.
The increased sensible heat affects the inner hot water cycle to the chip dryer, only increasing
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the water temperature by couple degrees compared to stoichiometric combustion air amount.
Increased combustion air requires more energy for preheating, but not a lot (0.02 MJ). Full
process calculations can be seen in appendix 2, and with increased combustion air in appen-
dix 3.

When talking about energy flows, electricity also needs to be mentioned. Electricity con-
sumption wasn’t measured in any points, nor was it an area of interest. It’s still good to take
a look, since it might reveal areas of improvement. It is hard to evaluate, since the power
used by the fans isn’t measured. The power requirement also fluctuates a lot based on the
previously stated reasons affecting drying. When compared to the electricity requirements
by drying unit in the LCA report by Ecobio (Ecobio 2023), the estimated usage for fans was
quite off (4.4 MWh/year versus 9.8 MWh).
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5 Observations and areas for development

It is hard to estimate something’s heat or electricity need if there isn’t accurate data given of
it. Especially when it’s something that varies hugely based on time of the year. To evaluate
properly the whole process, every point of it needs to be looked at. Preferably, the data that
is used to evaluate is real and has the same origin. Rather than part of it being calculated
with optimized values for example. Because then we can’t understand what points should be
optimized more. The measurements should also be known and understood how they affect

the process — not just something automated.

Based on the data and analysis of it, a closer look should be taken into drying and flue gas
heat utilization. Drying and heating can be a very energy consuming process, especially due
to moist Autumns and long winters. Flue gas heat utilization is important for the overall
efficiency and part of the drying and heating chain. There were difficulties determining spe-
cific values for both of these process points, making it challenging to suggest precise areas

for improvement. Therefore, here are just some points to consider.

Drying and heating requires a lot of energy. Making the dryer more efficient, the amount of
energy could be reduced. The most demanding time increases both heat and electricity need.
In this dryer case, there are two possible heat exchangers, gas to fluid and gas to gas. Cur-
rently the gas to fluid (fluid to fluid to gas) is being utilized. The (latter) fluid part is said to
have little to no heat losses. Gas to gas heat exchanger option can still be taken a look at, so

the pros and cons can be compared.

Gas to gas heat exchangers minimize the energy losses since there isn’t a “middleman”. It
also enables simpler design with less components, and reduced maintenance need. Often
used when the temperature difference between the gas streams is moderate because with
smaller differences, the heat transfer efficiency is limited (low thermal conductivity). There-

fore, it might require large surface areas.

Liquid to gas heat exchanger benefits from the used liquid’s high thermal conductivity (and
generally high specific heat capacity) and allows a higher heat transfer efficiency. This heat

exchanger version is useful when it comes to utilizing waste heat or transporting the heat
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over a distance. Since using an intermediate medium, there might be bigger heat losses. In

addition, more complex design is required with more frequent maintenance.

For this plant, the liquid to gas heat exchanger system suits better for couple reasons and
therefore no reason to change it. Due to the plant’s layout, heat has to be transported some
distance from the heat source to the dryer. The plant’s boiler is used to produce district heat-
ing. Leftover heat from this and waste heat from flue gas heat exchanger can well be utilized

for drying and heating.

Even so, there are things to consider with the current dryer-heat exchanger set-up. The heat
losses in the water and ethylene glycol loop should be measured, since the heat exchanger
chain is quite long. Should also be made sure that all transferred heat is utilized on the heat
exchanger chain before the water returns. One way to lower heat losses is ensure good insu-
lation throughout the whole chain. To guarantee good heat utilization, temperatures on the

heat chain should be monitored.

Losses can also occur when materials with bad heat conductivity are used in heat exchangers.
Good fluid flow is also important for example creating equal heat gradient. Maintenance also
needs to be conducted often enough to prevent fouling and upkeep efficiency. Some changes
could also be made to increase heat exchanger efficiency. One choice is to increase the heat
exchanger surface area e.g. with finned surface. This enhances the heat transfer efficiency
while being compact and space saving application. It can cause pressure drop and higher

changes of fouling.

When it comes to the actual dryer side, there are also some possible changes to be done to
optimize the energy efficiency of it. One option is to section the wood chip drying area into
multiple vertical sections while allowing air still passing through these sections. This would
allow air to circulate more evenly and ensuring more consistent drying. Spreading chips into
smaller sections would increase the exposed surface area, which, with better airflow, would

allow faster drying. These would help optimizing the energy usage.

There are some other optimizing ideas for dryer as well. It should be measured at what tem-
perature dryer air exits the dryer. If the temperature is high enough, it could be circulated
and used for preheating the combustion air for example. It could also be utilized in a way
where its high moisture wouldn’t be a problem. The fans already have variable speed for

adjusting airflow based on drying, but could there be a way to dehydrate the intake air. This
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way the air could dry more efficiently. In addition to temperature measurements, the energy
used at the dryer, heat and electricity, should be monitored to better identify inefficiencies.
In summer times, solar drying could be considered to use, but it requires a lot of area and

sometimes even has a risk of self-ignition.

More accurate and additional data is needed to evaluate better the heat recovery efficiency.
With help of them, areas with utilizable heat could be better identified. One place where heat
recovery can’t be utilized is around the pyrolysis reactor. It would be difficult to execute. In
addition, it has some safety risks regarding the process, like pressure management (Car-
bofex). The biochar is cooled down after the process with water. Some of the water is sprayed
on it to increase moisture as well, but most of it works as a heat exchanger. Since biochar’s
temperature is still high when exciting the process, this heated water could be utilized fur-
ther. The sensible energy stored in biochar can be calculated with equation (12). Although
this won’t produce much usable heat energy (25-58 kW without losses) due to low heat
capacity of biochar, 0.5-1.5 kJ/kgK. Bio-oil cooled away from produced pyrolysis gas pro-
duces even less usable energy, 8-10 kW from equation (14). Therefore, it is not reasonable
to try to utilize this.

Currently there isn’t much use for produced bio-oil — mainly stored away. It could be mar-
keted better because it can be utilized for multiple different kinds of products. Lots of dif-
ferent companies are looking for greener feedstocks to reduce GHG emissions and support
more environmentally friendly products. It could possibly have as good possibilities as crude

tall oil for example.

If more money is willing to be invested towards further net negative CO. operations, CO;
could be captured from the flue gases. This would increase the heat energy need since most
CO- capturing technologies utilize chemicals that require heat energy for regeneration. Cap-
turing technology would also require big investments. It probably wouldn’t be as significant
on this scale as it could be on a bigger production scale.
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6 Summary

The aim of the thesis was set to evaluate how the studied process aligns with theoretical
expectations, particularly in terms of biomass utilization and energy flows. Main process
values were able to be defined regardless of all the faced challenges due to the complexity
of the process and the limitations in process data. Based on these values, some areas of im-

provement were able to be identified and assessed.

Pyrolysis is a thermal decomposition process where (usually) organic material is heated in
the absence of oxygen. In this work organic material was wood, spruce chips. Products of
this pyrolysis process are biochar, syngas and bio-oil. These can have different kind of prop-
erties depending on the process parameters. Because of these different parameters, every
process is unique. This makes it difficult to set specific values for pyrolysis. Some estimate
ranges for process values can be found in literature but those aren’t fully compatible with

every process.

The wanted product from the example process, Carbofex’s process, is biochar. Another prod-
uct, that was inspected more closely, is syngas, the pyrolysis gas formed from the process.
This is due to its utilization in the heat production. Bio-oil can also be utilized in heat pro-
duction by burning it, but its inspection was left out due to complex structure and smaller
impact on the heat production. An estimate for the produced heat from syngas was able to
be determined from the combustion calculations as well as from production estimate, even
though these values differed a little bit. After combustion calculations, the sensible and usa-
ble heat of flue gas was also calculated. The heat produced in the boiler was received from
a test run, from where the heat need for the pyrolysis process was also estimated. With the
addition of other calculated values, the energy flows could be examined.

The results support the theory that drying requires more energy than the pyrolysis process.
Drying and heating in the dryer need 531 MJ, pyrolysis reactor 1109 MJ, but of this heating
to pyrolysis temperature and leftover drying take 990 MJ. This leaves only 190 MJ for chem-
ical reactions and all in all heating and drying adds up to 1521 MJ. Heating and drying might
require even more energy depending on the moisture content of the chips and surrounding

air. Finnish cold winter also brings in more difficulties.
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This thesis studied one more example of a differencing pyrolysis process among the many
in literature. This study should help Carbofex to better understand the energy flows in their
process and might spark new studies or ideas. This pyrolysis at 750°C doesn’t for example
have similar product percentages compared to a literature source of the same temperature.
Even though biochar is the main product, it is not aimed to produce high energy content char

but good quality for uses in soil amendment or construction for example.

The thesis required vast knowledge of temperatures, energy amounts, gases, combustion,
pyrolysis process and electricity. On top of limited data, own area of knowledge set certain
type of issues on subjects like deep understanding of dryers. For better and more specific
ideas for improvement, more process data and new data points, like temperature and air
moisture measurements, would be good. It might also be good to have multiple people with
different backgrounds for research since this offers larger area of knowledge but also differ-
ent points of views. Future research areas could be more profound study of chip dryer and
heat usage optimization for it. Pyrolysis oil’s potential is also wasted in the storage, so dif-
ferent kind of applications should be studied. Pyrolysis process could also be modelled on
some kind of applications and run process with different values to evaluate optimization for
example. One downfall in modelling is that the structure of the biochar couldn’t be studied

to assess its quality.

Biochar pyrolysis is an interesting subject from the energy point of view. It produces the
energy it needs for running (excluding light fuel oil at start) and more, with the usage of
pyrolysis gas and flue gas heat exchanger. With good optimization, even waste wood for
example could be upgraded to biochar rather than just burned for energy. This way waste
gets used, GHG emissions reduced, energy produced, and biochar utilized. Though, it is
important to remember that most of the produced gas is consumed internally for the process.

Meaning that pyrolysis might not always be the best option.
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Appendix 1.

Example calculations of pyrolysis gas (related to subchapter 3.4)
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Produces Released
Combustible Volume (%) |Density (kg/m*3)Volume (m*3)Mole weight (g/mol) Moles |02 requirement] CO2 H20 LHV (kJ/mol) E (k)
co 30 0.330 0.300 28.01 3.53 1.77 3.53 283 999.16
CH4 5 0.175 0.050 16.04 0.55 1.08 0.55 1.08 890.2 486.46
C2H4 3 0.315 0.030 28.05 0.34 1.01 0.67 0.67 1410.9 475.14
H2 15 0.024 0.150 2.02 1.75 0.87 1.75 285.8 499.58
Total 53 6.16 4.74 4.75 3.51 2460.35
Non-combustible
Cco2 15 0.518 0.15 44.01 1.76 Air requirec  22.58
H20 10 0.208 0.10 18.02 1.15 N2 fromai  17.84
N2 22 0.330 0.22 28.01 2.59 Total amount:
Total 100 1.00 N2 20.43
co2 6.51
H20 4.67
Sensible heat of the combusted gases (+non-combustible)
Assuming 0.943 kg/s
Gas Amount (mol) | Mole weight Weight (kg) Weight (%) Cp (k)/kgK)| %-Cp (kl/kgK) Sensible 792.70 kW
co2 6.51 44.01 0.287 0.304 1.239 0.377 Heat exchanger (eff=85%)
H20 4.67 18.02 0.084 0.089 2.305 0.206 Temp dif 530 C
N2 20.43 28.01 0.572 0.607 1.172 0.711 Prod. 549.40 kW
Total 31.612 0.943 1.293 loss 243.30 kW
Produces Released
Combustible Volume (%) |Density (kg/m”3)|Volume (m*3)| Mole weight (g/mol)| Moles | 02 requirement (o0} H20 LHV (k)/mol) E (kJ)
co 30 0.330 0.300 28.01 3.53 1.77 3.53 283 999.16
CH4 5 0.175 0.050 16.04 0.55 1.09 0.55 1.09 890.2 486.46
C2H4 3 0.315 0.030 28.05 0.34 1.01 0.67 0.67 1410.9 475.14
H2 15 0.024 0.150 2.02 1.75 0.87 1.75 285.8 499.58
Total 53 6.16 A4.74 4.75 3.51 2460.35
Non-combustible
co2 15 0.518 0.15 44.01 1.76 Airreguirec  27.10
H20 10 0.208 0.10 18.02 1.15 N2fromair  21.41
N2 22 0.330 0.22 28.01 2.59 Totalamount:
Total 100 1.00 N2 24.00
Co2 6.51
H20 4.67
leftover 02 0.95
Sensible heat of the combusted gases (+non-combustible)
Gas Amount (mol) Mole weight Weight (kg) Weight (%) Cp (kJ/kgK)| 9%-Cp (kJ/kgK) Assuming 1.073 kg/s
co2 6.51 44.01 0.287 0.267 1.239 0.331 Sensible 890.31 kW
H20 4.67 18.02 0.084 0.078 2.305 0.181 Heat exchanger (eff=85%)
Q2 0.95 32 0.030 0.028 1.090 0.031 Tempdif 530 C
N2 24.00 28.01 0.672 0.626 1.172 0.734 Prod. 617.05 kW
Total 36.129 1.073 1.276 loss 273.26 kW




Appendix 2. Carbofex process calculations

Volume flow based on flue gas production:
0.2168 m"3/s
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Produces Released

Combustible Volume (%) |Density (kg/m*3)[Volume (m"3)|Mole weight (g/mol)] Moles |02 requirement] €02 H20  [LHV (lu/mol)]  E(K) Mass(kg)  LHV (Ml/kg) E(MJ)
co 51.5 0.330 0.112 28.01 1.31 0.66 131 283 371.79 0.0368 101 0.3717
CH4 6.6 0.175 0.014 16.04 0.16 0.31 0.16 0.31 890.2 139.19 0.0025 50 0.1254
C2H4 0.9 0.315 0.002 28.05 0.02 0.07 0.04 0.04 1410.9 30.90 0.0006 47.2 0.0290
H2 0 0.024 0.000 2.02 0.00 0.00 0.00 285.8 0.00 0 120 0.00

Total 59 1.49 1.04 1.51 0.36 541.88  |(k/s) 0.0399 0.5261
Non-combustible 541.88 kW
Cco2 38.5 0.518 0.39 44.01 4.53 Airrequire  4.93 1950.77 MWh %-LHV (kJ/mol; %-LHV (MJ/kg) %-Density
H20 25 0.208 0.03 18.02 0.29 N2 from ai 3.89 145.745 5.2015 0.1698
N2 0 0.330 0.00 28.01 0.00 Totalamount: 58.7532 3.3 0.0116

Total 100 0.54 N2 3.89 12.6981 0.4248 0.0028

€02 6.04 217.1963 8.9263 0.1842
H20 0.64
Sensible heat of the combusted gases (tnon-combustible)
Assuming 0.387 kg/s

Gas Amount (mol) Mole weight Weight (kg) Weight (%) Cp (l)/kgK)| %-Cp (kJfkgK) Sensible 314.62 kW
co2 6.04 44.01 0.266 0.688 1.239 0.852 Heatexchanger (eff=85%) Estillleftingas
H20 0.64 18.02 0.012 0.030 2.305 0.069 Temp dif 530 C 105 C(exhausttemp)
N2 3.89 28.01 0.109 0.282 1.172 0.331 Prod 218.06 kW 50.824 kW

Total 10.580 0.387 1.252 loss 96.57 kW 182966 J
apx. 8 months M/kg MWh loss 5% gas
oil 110 m*3 1200 kg/m*3 132000 kg 22.917 kg/h 16.8 0.1063 0.05 0.33
char 4000 m*3 350 kg/m*"3 1400000 kg 243.056 kg/h 28.9 1.95 0.56 827800 kg
wood 8280 m*3 300 kg/m*3 2484000 kg 431.250 kg/h 18 2.18 143.715 kg/h

86.250 kg/h (moisture)

Drying of biomass (50%->20% moisture) Heating Chips and moisture in reactor
chips amount 431.25 kg moisture 50 % chips 431.25 kg chem energy 7762.5 M)
latent heat of H20 2260 ki/kg dry 50 % moisture 20 % 2.15625 MW
heatcap of H20 4.18 lJ/kgK temp 85 LHV of chips 18 MI/kg E tovaporize 194.925 M)
heatcap of wood 2.0 kl/kgK heating 113267.81 k) chip flow 0.120 kg/s 54,146 kW ony chips heating
moisture content 30 % 31.48 kW (kWh) H20 flow 0.024 kg/s heating 794.97 M) 560.63 M)
water amount 129.375 kg heating+dry 530964.2 kJ 100->750 220.82 kW 155.73 kW
needed heat 292387.5 k 147.49 kW (kWh) heating+dry 274.970 kW
dryer efficiency 70 % reactions 32.950 kW
actual heat 417696.4 k)

116.0 kW (kWh)



Dryer (air-side)
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Boiler, heat exchanger and water

(Mollier-graph excluding T=100) avg Tout 75.32
air (humidity=40%) H20 (gas) avgTin 64.05 Tback (gly-flue 59.50
T=-13(tai 0) 1.004 klfkgK T=-13 1.8526 kl/kgk 1.004 klfkgK Tdif (over bo 11.27
T=25 1.005 kl/kgK T=0 1.8585 kl/kgk 1.005 kl/kgK avg H20 flow 2.23 Us (kg/s)
T=100 1.005 klfkgk T=25 1.8605 kl/kgk 1.012 klfkgK total kWh (5h) 513.2
air out (100C,99%) T=100 1.872 kl/kgk 1.860 klfkgk measured 102.64 kW max kW (90%) 615.84
humidity change 0.0506 calculated 105.11 kW
m_air 0.710 kg/s vacuum example cale. Prod frc 218.06 kW
2556.818182 kg/h eff 70 % heatexchang 167.24 kW
pressure A 500 Pa ifwaterinat! 77.43 Cto boiler
P 507.31 W ifwaterouta 48.12 Cto heatexchanger
Lightfueloilusage
density 0.96 kg/m"3
amount 3500 litres/year
3.5 m"3fyear
3.36 kg
heating value 42 Miikg
energy 141.12 M)
141120000 J
447 W
gas pyrolysis (received data)
0.0399 kgis 307.92 kW
0.3563 MW heating+drying All together
356.35 kW 147.49 kW 422.46 kW
sensibelenergyin biochar
out (MW) An hour temperature diff 575
241 Biomass in 7762.50 heat cap of biochar 0.5 kl/kgk
in (MW) Allheating+drying (in 1520.86 1.5 ki/kgk
261 E forreactions (interr  698.63 (9% Congetal. 2018) 118.62 MJ* *when heating and drying removed mass flow 0.068 kg/s
outfin E for prosess 1108.51 from the energy amount for pyrolysis Ereleasedincooling  18.411 kW
0.925 loss 621.00 (8% Klinar 2016) 58.2321 kW
gases 1282.85 Based on comb. Calc. 1950.77 M) in bio-oil
oil 385.00 temperature diff 650
biochar 7024.31 heat cap of biochar 2 kl/kgK
exhaust gas 0.18 2.5 kdikgk
E for comb air 0.09 14.28 % of biomass energy for process mass flow 0.008 kg/s
21.12 % when all heating and drying E released in cooling 8.275 kW
1.53 % forreactions 10.3443 kW
19.59 % heating and drying
86.41 56.82 % of gas is used for process
S-hour testrun
gas 1782 kWh 2709.4 kWh
pyrolysis 1540 kWh 1539.6 KWh
leftover 242 kWh 1169.8 kWh
Appendix 3. Process calculations with bigger fuel-to-air ratio (Lambda)
Volume flow based onflue gas production:
0.2168 m"3/s
Produces Released
Combustible Volume (%) |Density (kg/m"3)[Volume (m*3)[Mole weight (g/mol] Moles |02 requirement| CO2 H20  [LHV (k/mol)]  E (k) Mass (kg) LHY (MJ/kg) E(MJ)
co 515 0.330 0.112 28.01 131 0.66 131 283 371.79 0.0368 10.1 0.3717
CH4 6.6 0.175 0.014 16.04 0.16 0.31 0.16 0.31 890.2 139.19 0.0025 50 0.1254
C2H4 0.9 0.315 0.002 28.05 0.02 0.07 0.04 0.04 1410.9 30.90 0.0006 47.2 0.0290
H2 0 0.024 0.000 2.02 0.00 0.00 0.00 285.8 0.00 0 120 0.00
Total 59 149 1.04 151 0.36 541.88 | (kl/s) 0.0399 0.5261
Non-combustible 54188 kW 9-lhv  %-LHV (kg) 9-Density
Cco2 38.5 0.518 0.39 44.01 4.53 Airrequire  5.92 1950.77 MWh 145.745 5.2015 0.1698
H20 25 0.208 0.03 18.02 0.29 N2fromai 4.67 58.7532 3.3 0.0116
N2 0 0.330 0.00 28.01 0.00 Totalamount: 12,6981 0.4248 0.0028
Total 100 0.54 N2 4.67 217.196 8.9263 0.1842
C0o2 6.04
H20 0.64
leftover02  0.21
Sensible heat of the combusted gases (+non-combustible)
Gas Amount (mol) | Moleweight | Weight (kg) Weight (%) |Cp (k)/kgK)] %6-Cp (iJ/kgK) Assuming 0.415 kg/s
co2 6.04 44.01 0.266 0.641 1.239 0.794 Sensible 335.93 kW Estill leftin gas
H20 0.64 18.02 0.012 0.028 2.305 0.065 Heat exchanger (eff=85%) 105 C (exhaust temp diff)
02 0.21 32 0.007 0.016 1.090 0.017 Temp dif 530 C 54.2661 kW
N2 4.67 28.01 0.131 0.315 1172 0.370 Prod 232.83 kW 195.358 kJ
Total 11.566 0.415 1.245 loss 103.11 kw
apx. 8 months M/kg MWh loss5% gas
oil 110 m"3 1200 kg/m"3 132000 kg 22.91667 kg/h 16.8 0.1068 0.05 0.33
char 4000 m"3 350 kg/m"3 1400000 kg 243.0556 kg/h 28.9 1.95 0.56 827800 kg
wood 8280 m"3 300 kg/m"3 2484000 kg 431.25 kg/h 18 2.18 143.715 kg/h
86.25 kg/h (moisture)
Drying of biomass (50%->20% moisture) Heating Chips and moisture in reactor
chips amount 431.25 kg moisture 50 % chips 431.25 kg chem energy 7762.5 M)
latent heat of H20 2260 kirkg dry 50 % moisture 20 % 2.15625 MW
heat cap of H20 4.18 kJ/kgK temp A 85 LHV of chips 18 MJ/kg E to vaporize 194.925 M)
c_wood 2.0 k/fkgK heating 113267.81 kJ chip flow 0.120 kg/s 54.148 kW only chips heating
moisture content 30 % 31.46 kW (kWh) H20 flow 0.024 kg/s heating 794.97 M) 560.63 MJ
water amount 129.375 kg heating+dry r 530964.2 kJ 100->750 220.82 kW 155.73 kW
needed heat 292387.5 kJ 147.49 kW (kWh) heating+dry 274.970 kW
dryer efficiency 70 % reactions 32.950 kW
actual heat 417696.4 kJ

116.0 KW (kWh)



Dryer (air-side)
(Mollier-graph excluding T=100)
air (humidity=4096) H20 (gas)
T=-13 (tai 0) 1.004 kl/kgk T=-13 1.8526 kl/kgK
T=25 1.005 kl/kgK T=0 1.8585 kl/kgk
T=100 1.005 IJ/kgK T=25 1.8605 I/kgK
airout (100C,899%) T=100 1.872 kl/kgK
humidity change 0.0508
m_air 0.710 kg/s vacuum example
2556.818182 kg/h eff 70 %
pressure A 500 Pa
P 507.31 W
Light fuel oilusage
density 0.96 kg/m"3
amount 3500 litres/year
3.5 m”3/year
3.36 kg
heating value 42 MJ/kg
energy 141.12 MJ
141120000 J
447 W
gas pyrolysis
0.0399 kg/s 307.92 kw
0.3563 MW heating+drying
356.35 kW 147.49 kW 422.46
out (MW)
2.41 Biomass in 7762.50 M)
in (MW) Allheatingtdrying (il 1520.86 MJ
261 Efor reactions (interr  698.63 MJ
out/in E for prosess 1108.51 MJ
0.925 loss 621.00 MJ
gases 1282.85 MJ
oil 385.00 MJ
biochar 7024.31 M)
exhaustgas 0.195 MJ
E for comb air 0.11 MJ

1.004 k)/kgk
1.005 kl/kgk
1.012 k)/kgK
1.880 kl/kgK

(9% Congetal. 2

(89 Klinar 2018)

o1

Boiler, heat exchanger and water

avg Tout
avgTin

T dif (over bo
avg H20 flow

measured
calculated
calc. Prod fre
heat exchang
ifwaterinat!
ifwater outa

when heating and drying removed

118.62 M)

1950.77 MJ

14.28 % of biomass energy for process
21.12 % when all heating and drying

75.32
64.05

11.27

2.23 Us (kg/s)
total kWh (
max kW (9

Thack (gly

102.64 kW
105.11 kW
232.83 kW
178.56 kW

78.65 Cto boiler
44.91 Cto heatexchanger

1.53 % for reactions
19.59 % heating and drying

86.41

56.82 9 of gas is used for process

59.50

513.2
615.84

from the energy amount for pyrolysis

Based on combustion calculations



