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NOMENCLATURE
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1 INTRODUCTION

1.1  Thesis purpose

The aim of this work is to gather information about available pyrolysis technology regarding
its use as a thermochemical conversion technology to process biomass waste. Next part
of this thesis is the development of a model to validate found data and calculate the mass
and energy balances of the technology. A future insight into the usability of biomass waste
pyrolysis and the potential for future research is proposed at the end of the thesis along with

pyrolysis oil sample analysis and discussion about its utilization.

1.2 Methodology

The procedure of writing of this work starts with literature research of suitability of various
waste type raw materials, an overview of available pyrolysis technology and reactor schemes
as well as comparison of pyrolysis to other waste processing technologies. Literature
research is followed by a patent and industrial research to find out about pyrolysis of biomass
waste on the non-scientific scale. A plant inspection in Hengelo, the Netherlands takes place
after investigation of running projects worldwide. The object of plant inspection and
discussion with representatives of the plant is to check found data and the author’s
assumptions. A process flow diagram is drawn by the author. Next, a model in MATLAB
based on available data and process parameters is created and required mass and energy
balance calculations are proposed. Lastly, a pyrolysis oil sample analysis data are evaluated

and pyrolysis oil potential is discussed.

1.3 Introduction to waste problematics

The waste production goes hand in hand with urbanization and population growth. The
author suggests insight to waste production on different scales in order to confirm
or disprove the increase of waste amount. Data on total waste production on a global scale
are gathered and presented in Table 1 Municipal solid waste production worldwide data are

not available.
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Table 1: Waste production worldwide [1], [2]

Year 2002 2012 2016
Total waste production [million tonnes] 680 1300 2010
Table 2 shows total and municipal solid waste produced in the European Union.
Table 2: Waste production in the European Union [3], [4]
Year 2004 2012 2016
Total waste production [million tonnes] 2548 2484 2538
Solid municipal waste production [million tonnes] 253 245 253
Table 3 shows total and municipal solid waste produced in the Czech Republic.
Table 3: Waste production in the Czech Republic [3], [4]
Year 2004 2012 2016
Total waste production [million tonnes] 29 23 25
Solid municipal waste production [million tonnes] 2.9 3.2 3.6

The data available for comparison between the World, the European Union and the Czech
Republic are not united and come with a level of uncertainty. The purpose of this section
was mainly to observe the progress of waste production in term of approx. 15 years
on different levels of scale. By comparing waste production data on relevant levels, a very
slight decrease in the Czech Republic and the European Union can be seen, compared with
a huge increase on a global scale. The author would like to note, that even though the waste
produced in the European Union and the Czech Republic could be considered as steady, over
half of all the waste in the EE is being landfilled (see Figure 1), leading to an unavoidable

accumulation of waste. This statistic might serve as a motivation to waste problematics.
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The European Union's waste treatment and disposal (2016)

m Landfill

® Incineration

® Backfilling
55% \I <4% = Energy recovery
2%
m Recycling

Figure 1: Waste treatment and disposal in the European Union [5]

1.4  Waste treatment possibilities

As was shown in the chapter above, waste generation is either rising or at least isn’t
decreasing. This deserves a solution in terms to further process generated waste. Appropriate
technology must be chosen based on the type of waste, its amount, technological possibilities
in a given location, etc. From the author’s point of view, waste treatment technologies can
be divided into four main groups: landfill, recycling, composting and thermochemical
conversion. Thermochemical conversion methods can be further divided as follows:
incineration, gasification, and pyrolysis. These technologies are used to thermochemically
convert waste and utilize it. Process parameters — temperature and amount of oxygen may
differ.

1.4.1 Landfilling

Landfilling is a process of burying waste underneath the ground [6]. According
to estimations, about 40 % of all produced waste is stored in landfills. This material has little
or no further chance of being reused, while also pollution of water resources and the air was

reported [7]. This solution might appear as the most easily approachable, however, due to
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the continual filling of land with waste and little or no further waste usage, this technology
can’t serve as a final solution. According to the Circular Economy Package adopted by
the European Commission, a maximum of 10 % of all municipal waste will be allowed to be

landfilled in member states of the European Union by 2035 [8].

1.4.2 Recycling

Recycling of rare metals and metals with higher economic value is often a requirement of
economically sustainable technology, e.g. re-use of the platinum catalyst in nitric acid
production [9]. Recycling of main waste types such as plastics, glass, and paper is a usual
way of dealing with waste. According to [10], 20 % of total plastic waste was recycled in
2015 globally. This number depends on political pressure, citizens willingness in given
country and state of the waste recycling market. According to the Circular Economy Package
adopted by the European Commission, 65 % of municipal waste shall be recycled in member
states of the European Union by 2030 [8].

1.4.3 Composting

Composting of biomass waste is known in household-scale as well as industrial scale, either
open-air windrow composting or in-vessel composting. These methods are used to reduce
the amount of biomass waste while creating compost that can be used in soil remediation
[11].

1.4.4 Incineration technology

Incineration is an exothermic process, that might be applied to e.g. municipal solid waste or
biomass. Direct combustion of biomass is technologically well-known compared to
pyrolysis or gasification plant. Usually, excess air is used to improve the incineration
process. Flue gas as an output of the process is present at high temperature (800 °C) and is
used as a heat carrier for follow-up process as a direct heating or electricity generation with

either gas or steam turbine [12].
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1.4.5 Pyrolysis technology

Pyrolysis, an endothermic process, takes place at increased temperature (400-900 °C) with
little or no air access and results in the production of char, condensable and incondensable
gases [13]. After char removal and gas quenching, three products of the reactions can be
observed, namely: char (solid phase), condensed pyrolysis oil (liquid phase) and
incondensable pyrolysis gas (gas phase). The yield of products depends on the type and
quality of input material as well as process parameters in the reactor — mostly temperature

and time of reaction.

1.4.6 Gasification technology

Gasification, an endothermic process, takes place at a higher temperature during the process
(1000 — 1500 °C), resulting in a higher yield of gas compared to pyrolysis. Four stages in
the gasifier can be observed, namely drying, pyrolysis, combustion, and reduction. During
the combustion phase, the process takes advantage of so-called partial oxidation, that can be
described as obtaining required energy for the following process thanks to the combustion
of biomass which releases heat. Partial oxidation requires air input, generally a sub-
stoichiometric amount [13], [14], [15].
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2

2.1

THESIS PURPOSE AND ACTUAL TRENDS

Objects of thesis

This paper is composed of research part, model part, and sample analysis. Aim of

the research part is to:

State different types of pyrolysis in terms of the type of input material and carry on
with the one that is mostly used in nowadays industry of energy recovery of waste.
Compare pyrolysis waste treatment to other available technologies and show
the advantages and disadvantages of such an approach.

State different types of pyrolysis unit operation schemes and reactors.

Give an example of an industrial scale running project.

Aim of the model is to:

Create a process scheme based on industrial application research.

Apply similar process parameters and reactor type.

Define the suitable type and quality of input material.

Verify the model based on data collected during research.

State of the model should allow to easily redefine input material amount and

properties as well as main process parameters in process units.

Sample analysis should provide insight on these topics:

2.2

22.1

Pyrolysis oil elementary composition.
Properties evaluation, such as density, heating value, etc.
Based on previous information, the potential of pyrolysis oil in refinery sector is

discussed.

The actual state of pyrolysis

Suitable raw material

There are several reported types of material that might be suitable for pyrolysis. Wood and

woodworking industry residual waste was reported as the oldest input material used by
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mankind [16]. Another source of biomass might be agricultural crops residues and by-
products such as shives, straw, husks, pits, etc. [17]. Usability of pyrolysis to process waste
tires has also been reported [18]. Pyrolysis might be used to break down molecules of
plastics. However, great technical difficulties have been noted, such as solidification of wax
during the processing, leading to a build-up of material inside of process pipelines, thus
decreasing overall performance. Another reported problem is a decrease of pyrolysis oil
properties if a mixture of plastics (HDPE, LDPE, PP, PS, PVC, ...) is used rather than input
composed of only one plastic-type. During pyrolysis of PVC, hydrogen chloride is released
and its toxic vapors must be collected and eliminated before causing any harm [19]. As far
as the author can tell, only one successful implementation of a commercial-scale plant of
municipal plastic waste is reported from Sapporo, Japan with a capacity of 50 tons of mixed

plastics daily [20].

To sum it up, the greatest success with pyrolysis is to eliminate biomass waste from various
resources. Most of the laboratory measurements that were found by the author during
research take a closer look at wood and its residuals. Some data may be found about other
biomass types, mainly from agricultural waste. According to [21], biomass pyrolysis plant
runs best after a series of tests on given raw material and the stock type and quality should
remain the same during the lifecycle of the plant. When it comes to choosing with which
type of biomass should a plant be operated, parameters such as availability, cost of feedstock,
the performance of the material in pyrolysis laboratory tests, etc. must be taken into account
[17].

2.2.2 Reported functional biomass pyrolysis plants

This chapter contains information about currently running biomass pyrolysis plants at
commercial scale and some technical parameters of these applications. In Hengelo,
the Netherlands, a facility was built by BTG-BTL company and is currently run by Twence
Holding B.V. It was commissioned in 2015, producing approx. 3.3 t/h of pyrolysis oil at 5
t/h of wood chips feedstock with the aim to achieve production of 20 millions liters of
pyrolysis oil per year. The unit uses a rotating cone reactor with sand as a heat carrier. In
May 2019, construction of pyrolysis plant with similar parameters by the same company in

Lieska, Finnland was announced [22].

Balance of pyrolysis for lignocellulosic wastes 9



In 2013, pyrolysis plant in Joensuu, Finnland was constructed by Fortum company. Based
on the fluidized bed reactor, the facility is able to produce 50 000 tons of oil annually by
using 100 000 tonnes of wood each year [23].

The facility in Ontario, Canada, was commissioned in 2006 with designed production of 11
millions liters of pyrolysis oil per year. In 2014, other add-ons were announced to increase
the production as well as aim to present the oil to the refinery co-processing in 2017. In this
technology, sand is used as a heat carrier in a fluidized bed reactor with recycled pyrolysis

gas as the draft force [24].
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3 THEORETICAL BACKGROUND OF PYROLYSIS

3.1 Pyrolysis reaction

Pyrolysis is a series of reactions that take place at an increased temperature at an oxygen-
free atmosphere or at atmosphere with a reduced amount of oxygen. Chemical formulas of
reactions with biomass type of material are not stated, as it greatly depends on conditions
and amount of cellulose, hemicellulose, and lignin in a given type of biomass feed. Various
models describing the decomposition of biomass into certain products can be found in
the literature. The overall idea of decompositions found in literature is the following:
Reactions may be considered as primary or secondary. During primary reactions, biomass
may be decomposed into three possible phases, namely solid, liquid and gas. During
secondary reactions, tars from primary reactions (that is further condensed into pyrolysis oil)
may further decompose into any pyrolysis gas or char [25]. Based on these models, many
authors make laboratory measurements and determine constants for a given model such as
activation energy, enthalpy of reaction, etc. Following chapters shall introduce some of these

models.

3.1.1 Competing model

This empirical model doesn’t aim to describe the reactions in terms of primary and
secondary, it only tells us about final composition of products, namely char, tar (liquid) and
gas [26], [27]. A scheme can be seen in Figure 2. Advantage of this model is its simplicity.
However, it doesn’t closely describe any certain reaction, rather than just the final

composition [28].
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CHAR

BIOMASS ——

Figure 2: Competing model scheme

3.1.2 Secondary cracking model

This model suggested by [29] and used in work by [30] introduces three primary parallel
reactions that crack biomass into char, tar (liquid) and gas. Tar is further cracked into gas

and char by two secondary reactions. A scheme can be seen in Figure 3.

|

Figure 3: Secondary cracking model
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3.1.3 Active cellulose model

As was shown by [31], cellulose — one of three components of biomass — decomposes not
directly towards pyrolysis products, it rather takes an intermediate step by transformation
into so-called active cellulose at low temperatures. Furthermore, active cellulose is a reactant
in two competing reactions, one of them results in the creation of char and gas, while
the second one results in tar (liquid) formation. In [32] a follow-up reaction was suggested,

further cracking tar (liquid) into gas. A scheme is shown in Figure 4.

Figure 4: Active cellulose model

CHAR + GAS

3.1.4 Active biomass model

A simple improvement to active cellulose model (see Chapter 3.1.3) was proposed by [33],
[34]. Active cellulose is substituted with active biomass or so-called intermediate, while
the model scheme remains the same and is used to describe not only the cellulose part of

the biomass sample but the material as a whole.

3.1.5 Semi-global model

Proposed by [35], this model takes advantage of dividing biomass into three pseudo-
components, which aren’t based on their chemical composition but on laboratory
measurements corresponding with the proposed scheme (see Figure 5). Every pseudo-
component has its own kinetic reaction formulas that describe its decomposition into gas,
char or intermediate solid that further decomposes into gas and char.
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oror I
PSEUDO COMP. 2 —
— INTER. SOLID + GAS
— CHAR + GAS

Figure 5: Semi-global model

3.1.6 Parameters of reactions

Let’s assume a simple reaction as shown in Figure 6. Reactant A is being transformed into
product B due to the rate of chemical reaction k. Following ordinary differential equation
can be used to mathematically formulate change of reactant’s A mass ma depending on time
t:

— = —k-my. 1)

REACTANTA WEEECLLSNEEN  pRODUCT B

Figure 6: Reaction example
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Following reaction can be used to describe the build-up of product B:

:k-mA' (2)

dt

where Kk is the reaction rate, which can be further described using so-called Arrhenius

equation, that shows the dependence of reaction rate k on temperature T [36]:
E4
- A . _— . 3
k= exp[ BT 3)

Constants A and E were gathered in work by [37].

3.1.7 Model summary

Many authors proposed various models that may be used to describe pyrolysis biomass
reaction with parameters determination after a series of laboratory tests and measurements.
According to [28], models that consider secondary liquid (tar) cracking usually describe
the reactions better, as considering only primary cracking results in too optimistic pyrolysis
oil yield. In Chapter 4.3, dedicated to material and energy balance calculations, the author
used the secondary cracking model, with parameters taken from the work by [38], [39], [32].
The script is ready to change parameters easily or the whole model scheme might be changed

with only minor changes required in the programmed script.

3.2 Pyrolysis products

During pyrolysis, three main products are formed, namely char, incondensable gases, and
condensable gases forming pyrolysis oil. This chapter aims to briefly describe some key

characteristics of these products.

3.2.1 Char

Char or biochar is a solid product of biomass pyrolysis. To get higher yields of char, longer

resident times and lower temperatures are preferred. With higher temperatures, the carbon
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content in char increases, while oxygen and hydrogen content decreases [40]. The typical
range of yield as a percentage of dry biomass input varies from 10 up to 40 % [41].
The possible potential of char is as fertilizer or as fuel with a reported lower heating value
of 27.5 MJ/kg [42].

3.2.2 Pyrolysis gas

Term pyrolysis gas is used to name the gas phase that remains after pyrolysis reaction takes
place and output gas is cooled, partly condensed. Non-condensable gases (at temperatures
around 20-60 °C) from this process are called pyrolysis gas. The typical composition consists
of methane CH4, hydrogen H2, carbon monoxide CO and carbon dioxide CO2 [13].
Reported lower heating value is around 10 MJ/Nm3, highly depending on gas composition.
Possible usage of pyrolysis gas is being burned as fuel, optimally right in the pyrolysis plant
facility, due to its gas state which is not very suitable for longer transport. The typical range

of yield as a percentage of dry biomass input varies from 20 up to 40 % [41].

3.2.3 Pyrolysis oil

Pyrolysis oil is liquid output from the condenser of pyrolysis gases after the process of
pyrolysis itself took place in the reactor. It is a viscous brown liquid consisting of 300 to 400
compounds with a pH around 3 [43], [44]. Its typical range of yield as a percentage of dry
biomass input from 30 up to 70 % [41]. Properties of pyrolysis oil sample along with

a discussion of its potential are further discussed in Chapter 5.

3.3 Types of pyrolysis

Process of pyrolysis can be divided in terms of the residence time. This comes hand in hand
with a temperature of the process. For longer residence time, lower temperatures are
sufficient. For shorter residence time, the temperature of the process must be higher.

Pyrolysis process can be therefore divided into three groups:
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e Slow pyrolysis — from 5 to 30 minutes at temperatures from 400 to 500 °C. Formation
of char is greatest compared to other types of pyrolysis.

e Fast pyrolysis — in terms of seconds, up to tens of seconds at temperatures from 450
to 600 °C. This favors build-up of pyrolysis oil.

e Flash pyrolysis — tenths of seconds up to 2 seconds at temperatures from 500 to 800
°C. Creation of pyrolysis gas is favored in this case [13].

3.4  Pyrolysis reactors

The reactor is a very important process unit in the whole plant setup. This chapter should

provide a list of popular reactor types.
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3.4.1 Bubbling fluid bed reactor

One of the possible modifications of the fluidized bed reactor is the bubbling one. Biomass,
dried and crushed to 2-3 mm particles size enters a zone, where hot sand is fluidized by gas
and heat is supplied to the reactor. During the reaction, biomass particles decrease in size
and together with produced gas are drafted out of the reactor zone. Pyrolysis gas recycle can
be used as a fluidizing medium, to ensure an oxygen-free atmosphere. The scheme can be
seen in Figure 7. Construction and operation are simple, but no industrial-scale application
is running at the time. Company Dynamotive ran two reactors of these types in Canada,

however, both were already dismantled, as some problems with heat transfer occurred [45].
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Figure 7: Bubbling fluid bed reactor scheme [46]

Balance of pyrolysis for lignocellulosic wastes 18



3.4.2 Circulating fluidized bed reactor

This reactor is a second possible modification of the fluidized bed reactor. It differs from the
bubbling fluidized bed reactor (see Chapter 3.4.1) due to the circulation of the transport
medium, usually sand. Biomass and forming char are transported as well as sand into
a burner, where char and biomass are burned, leading to heating of sand which is then
recirculated into the reactor. Gases are usually separated before burner in cyclones [45], [47].
A scheme can be seen in Figure 8. Ensyn pyrolysis plant in Canada runs with this type of
reactor at 4 t/h feed [48].

Quench Tower

Biomass
—

Bio-Oil
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Figure 8: Circulating Fluidized Bed Reactor scheme [49]
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3.4.3 Screw reactor

In this type of reactor, biomass is moved through the heated zone not by fluid, but by
mechanical screw. As a heating source, hot sand or hot steel balls can be used. Residence
time can easily be adjusted by the rotary speed of the screw, also no carrier gas is necessary.
The mechanical design must be considered very carefully, as mechanical wear and tear may
take place. This application is popular for small size inputs, as the scaling of screw might
face some mechanical design problems with the system for rotation movement [50].
A conceptual scheme is shown in Figure 9. Abritech pyrolysis plant in Canada runs with this

type of reactor at feed 2 t/h [48].

Biomass  Heated sand

Vapor, gas,
Gy fine char,
and aerosol

Char, sand

Figure 9: Screw reactor [51]
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3.4.4 Rotating cone reactor

Biomass and heat carrier (usually sand) is inserted into a high-speed rotating cone. No carrier
gas is required. Thanks to rotation, biomass and sand are mixed, leading to high heat transfer.
Residence time can be adjusted by rotary speed settings. Afterward, all solid particles are
sent to the burner, where incineration takes place together with oxygen and non-condensable
pyrolysis gas. This process was reported as autonomous, in terms of energy input for
the reactor. Cone rotates at approx. 600 rpm, so careful mechanical design must be assured.
There are two operating industrial plants with this reactor, one with feedstock of 2 t/h, second
of 5 t/h [50], [52]. Reactor design can be seen in Figure 10.

Pyrolysis
wapUor

Biomass
Hot sard

Figure 10: Rotating cone reactor design [53]

3.5 Pyrolysis schemes

This section shall provide an overview of some pyrolysis plant applications throughout

the times.
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3.5.1 Georgia Tech entertained bed process

This process was developed and patented by Georgia Tech company in 1986 in the United
States of America [54]. Biomass crushed to a particle size of 1 mm is dried to 10 % moisture
and introduced to the inert atmosphere. It is then drafted inside the reactor, where heat supply
Is secured by burning propane and air. Biomass particles are drafted towards reactor outlet,
where char is separated, condensable gases are condensed to pyrolysis oil and non-
condensable gases are burned with air in order to dry entering biomass [55]. Technology

scheme can be seen in Figure 11.
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Figure 11: Georgia Tech entertained bed process scheme [56]
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3.5.2 Waterloo flash pyrolysis process

This process utilizes a bubbling fluidized bed reactor (see Chapter 3.4.1). Biomass is
crushed, dried and introduced to a hopper and then drafted inside the reactor by a small
portion of recycle gas. Inside the reactor, hot sand is present and serves as a heat transfer
medium. Heat is supplied by burning pyrolysis gas with the addition of either heating coils
or burning natural gas. Char is later separated, pyrolysis oil is condensed and pyrolysis gas
is burned [55], [57]. A scheme is shown in Figure 12. The idea comes from the University
of Waterloo, Canada, where a 5 kg/h laboratory-scale plant was operated. Based on this
scheme, a 200 kg/h pilot-scale plant was operated by Union Fenosa in Spain. The author
found no evidence of this plant being operated at this very time.
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BIO-OIL — To vent
To gas analysis-<—
Ballast
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Figure 12: Waterloo flash pyrolysis process scheme [58]
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3.5.3 Ensyn process

This plant takes advantage of a circulating fluidized bed reactor (see Chapter 3.4.2). Biomass
is introduced into a reactor with hot sand as fluidizing and heat transfer medium. Sand is
separated based on particle size, char is separated, gas is taken to condensers, where
pyrolysis oil is formed and remaining incondensable gas is taken further away. Combustion
of either char or pyrolysis gas is suggested by the owner of the patent, combustion of both
these products together is also an option. Any required extra heat can be provided by burning
natural gas. Ensyn company designed these plants in North America [13], [55], [59].

A scheme of this process is shown in Figure 13.
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Figure 13: Ensyn process scheme [60]
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3.5.4 BTG process

This process is based on an idea from the University of Twente, the Netherlands and utilizes
a rotating cone reactor. Biomass, crushed and dried enters the reactor, where it mixes with
hot sand. Sand and char are separated from the stream of gas, which is further cooled,
partially condensed into pyrolysis oil and pyrolysis gas. Gas and char are burned, thus
heating sand, which then returns to the reactor [61], [55]. One facility is currently operational
and the second one is under construction, as was reported in Chapter 2.2.2. A scheme can be

seen in Figure 14.
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Figure 14: BTG process scheme [62]
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4 DEVELOPMENT OF PYROLYSIS MODEL

This chapter describes the author’s approach to create a mass and energy balance of the
pyrolysis plant system. The author took advantage of process parameters either found in
literature or confirmed by operators of pyrolysis plant in Hengelo, the Netherlands.
The reactor itself was considered a rotating cone reactor (see Chapter 3.4.4). Following text
describes the author’s ideas about process flow diagram, proper process units choice and
mass and energy balance of the whole system. All scripts may be found in Annex 1 and if
any value or chosen pyrolysis reaction model won’t be suitable for following work based on

this paper, it may be easily changed to meet another author’s intentions.

4.1 Feedstock choice

Author estimates, that most available laboratory data about pyrolysis feedstock is wood.
Wood particles, so-called chips might serve better than wood sawdust due to their non-dust
character, which is better for transportation. This type of feedstock is used in reference
technological process as well as in other facilities (see Chapter 2.2.2). Particle size should
be approx. 3 mm, as reported in reference technology [63]. Properties of feedstock that were
used in the model are the following: moisture, heat capacity, and lower heating value. Those
values may be adjusted in order to fit another feedstock, such as agricultural residues. Series
of the tests to confirm the usability of certain feedstock are recommended [21], [64].
Pyrolysis unit is usually constructed based on a certain type of feedstock and no further

alterations are recommended [21].

4.2  Technology description

Schematic layout of the proposed unit can be seen in Figure 15. Complete Process flow
diagram scheme can be found in Annex 3. In order to ensure drawing clarity, whole
technology is divided into four sections, which shall be further described in the following

text:

e Drying section with input stream 1 and output stream 5.

e Pyrolysis section with input streams 5 and 15 and output streams 11 and 13.
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e Oil section with input stream 11 and output stream 24.

e Combustion section with input streams 13, 24 and 25 and output streams 15 and 19.

Material and energy balance table for the assumption of 1 ton per hour input of wood chips

can also be seen in Annex 3 as well as a list of process units. MATLAB scripts for material

a COMBUSTION
“ STORAGE

and energy balance can be seen in Annex 1.

DRYING PYROLYSIS
BIOMASS

Figure 15: Proposed model block scheme
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4.2.1 Drying section

Input to this section is stream 1, consisting of wood chips and water in the form of moisture.
Wood chips are stored in vessel K-101 to ensure operational reserve. Wood chips are then
thrown at belt conveyor H-101, which takes them into belt dryer T-101. Forced draft fan
V-101 is responsible for pressurizing ambient air and blowing it to heater W-101, where
the temperature of the air is increased thanks to energy stream Q1 because warmer air will
be further utilized to remove excess water from wood chips. This takes place in dryer T-101,
used air with water leaves then at stream 4, while wood chips without excess water are
present in stream 5 and lead into screw conveyor H-102. Described process can be seen in
Figure 16. Process of drying can be displayed in the Mollier chart as shown in Figure 21.

To make sure that this model will be functional even if proposed states of air needed to
change or if some optimization would have to run, a script by Assistant Professor Amanda
D. Smith from the University of Utah is used [65], [66]. Thanks to it, there is no need to

repeatedly use Mollier chart for every new suggested condition of drying.

L

Figure 16: Drying section
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4.2.2 Pyrolysis section

This section consists of pyrolysis reactor K-201 with two input streams — stream 5
composing of wood chips after drying process and stream 15 composing of heated sand that
serves as heat carrier inside the rotating cone pyrolysis reactor (see Chapter 3.4.4). After
pyrolysis reaction takes place, stream 6 composing of sand, char, gas and unreacted biomass
leads to a battery of cyclone separators represented as F-201 and F-202, followed by
electrostatic separator F-203. Both cyclone separators F-201 and F-202 are expected to have
85 % efficiency. Remaining particles shall be separated in electrostatic separator F-203. All
solid particles are then gathered up in vessel K-202 and transported via screw conveyor
H-201 in stream 13. Gaseous product is transported thanks to induced draft fan V-201 into

stream 11 with safety gas flare A-201. The scheme can be seen in Figure 17.

b

Figure 17: Pyrolysis section
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4.2.3 Oil section

Pyrolysis gas free of solid particles is introduced to condenser K-301, where the condensable
portion is transformed to pyrolysis oil thanks to being sprayed by a stream of already
condensed oil through nozzles A-301. Condensed oil is pumped by pump P-301 and is cooled
in heat exchanger W-301, resulting in stream 21. This stream is further divided in two, stream
23 is deposited in tank K-302 as the primary product of pyrolysis and stream 22 is forced
back to the condenser where it quenches pyrolysis gas and causes its condensation.
Incondensable gases leave condenser in stream 24. The described scheme can be seen in

Figure 18.
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Figure 18: Qil section
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4.2.4 Combustion section

The final part of technology is the combustion section. Pyrolysis gases from the oil section
are induced by fan V-401 inside combustion chamber represented as D-401. Char,
unprocessed biomass and sand are also transported inside the combustor in stream 13. Char,
pyrolysis gases and remaining biomass are burned with the addition of air, that is driven
inside in stream 25 via fan V-402. This results in generating heat that raises the temperature
of the sand medium. Sand is then transported via screw conveyor H-401 in stream 14, going
through heat exchanger W-401 that serves to regulate the temperature of the sand, therefore
regulate the temperature in pyrolysis reactor and control the reaction. Flue gas and ash that
remain after burnout in combustion chamber leave in stream 16 and ash is removed in
cyclone separator F-401. The flue gas then passes through heat exchanger W-402 that
recuperates excess heat in energy stream Q3 and utilizes it for energy stream Q1, thus

heating air that enters dryer T-101. The scheme is shown in Figure 19.

Figure 19: Combustion section
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4.3 Model setup
Several assumptions were made during model creation, namely:

e Law of energy and material conservation.

e No heat losses towards the surrounding are expected.

e The efficiency of all process units is 100 %, if not specified otherwise.

e The process that takes part in one specific process unit is assumed to be isothermal.

e Mass and temperature are equally distributed over the interior of process units.

e Ventilators cause sufficient pressure difference to cover pressure drops in process
units and to ensure a desirable flow of gases.

e Combustion is expected to be complete.

e Whole process and units are calculated in steady-state with no mass or energy
accumulation in process units after facility start-up took place.

Several process parameters were assumed, most important ones.

e Input flow of biomass at 40 wt. % moisture is 1000 kg/h,

e All compounds taken from the surrounding, such as air or biomass input have
a temperature of 20 °C,

e The temperature of the air entering dryer is 80 °C, to minimalize the risk of biomass
decomposition before entering the reactor.

o Estimation of biomass temperature increase at dryer outlet is 0 °C to ensure that even
the worst possible outcome will still fulfill proposed balance calculations. Laboratory
or pilot plant measurement is recommended to estimate this value.

e So-called water compound represents excess water that is supposed to evaporate
from entering biomass at 40 wt. % down to 5 wt. % moisture.

e Water from remaining moisture content of 5 wt. % is evaporated in pyrolysis reactor
and is expected to become a part of pyrolysis oil, therefore water as the alone standing
compound is no longer part of any stream after pyrolysis reaction.

e The temperature of pyrolysis is 480 °C.

e Previously covered model of primary and secondary cracking (see Chapter 3.1.2) is

used to describe the reaction itself with constants taken from [38], [39], [32].
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e Designed reaction time is 2.5 seconds and composition at that very moment can be
seen in Figure 20, namely 98 kg/h of unreacted biomass, 44 kg/h of char, 166 kg/h
of non-condensable gases and 341 kg/h of condensable gases.

e The temperature of combustion is 850 °C, resolving in even temperature of
combustion products — ash, hot sand, flue gas.

e Energy gained from combustion is determined by the lower heating value of the
material.

e The temperature of flue gas at the outlet can be decreased down to 20 °C, flue gas is
released into ambient with no cleaning requirement. Additionally, electrostatic
separator or fabric filter might be used if necessary [67].

e The temperature of oil condensation is taken as 60 °C.
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Figure 20: Reaction process
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4.4  Process units balance calculations

This chapter shows the author’s approach to balance the most important units. All these
calculations were implemented into MATLAB and can be seen in Annex 1. The author
would like to note, that values of mass and energy flow that can be seen in the process flow
diagram in Annex 3 are taken over from the MATLAB environment. Due to this fact,
the values proposed in the following lines might slightly differ.

4.4.1 Dryer T-101

Input to the dryer is wood at the mass flow of 1000 kg/h and 40 wt. % moisture with a desire
to remove water down to 5 wt. % moisture. Therefore, the mass flow of water to be removed

is:
My, = Mprpep * Wiy — Wour), (4)

kg
=1000-(0.4—-0.05) =350 . 5
my ( ) hour (5)

Three states of air must be determined, representing ambient air, air after temperature

increase and air at the end of the drying process.

Ambient air is expected to be 20 °C with a relative humidity of 70 % (see point 1 in Figure
21). In the Mollier diagram can be seen, that this state of air is represented by the moisture

content of 10.5 g/kg and specific enthalpy of 46 kJ/kg.

Air after passing through heat exchanger W-101 is represented by the second state (see point
2 in Figure 21). Heating between state 1 and state 2 occurs at constant moisture content.
The second state is therefore given by temperature 80 °C and specific enthalpy of 108 kJ/kg.

Removing of moisture from wood to air occurs at constant enthalpy and is given by designed
relative humidity of 70 % at outlet. The third state of air is therefore identified by
the moisture content of 27.5 g/kg (see point 3 in Figure 21).

Balance of pyrolysis for lignocellulosic wastes 34



How much water can be removed by 1 kg/h of air between states 2 and 3 is calculated:

Mmyy = X3 — Xy, (6)

kg
=0.0275 - 0.0105=0.017 : 7
Maw hour @

The mass flow of necessary air for the dryer can be calculated thanks to the knowledge of

how much water needs to be removed and how much water does 1 kg/h of air remove:

my = m1w’ (8)

350 kg
= 2> _ 20590 — 2. 9
ma=5017 - 2959 1our ©)

Heat duty required to heat this amount of air from state 1 to state 2 is calculated:

Qpryer = Myjg * (hy — hy), (10)
_ 20590 (108 — 46) = 354 kW (12)
QprYER = 3600 = .

Balance of pyrolysis for lignocellulosic wastes 35



36

]

.

g, 3 %
53 oF 8.
ha ma E mm
Es §5 22 i
m1 m.-l E® 4
m.w 2% g« mﬁ
a 2 8 L
% b {*
= 2 )
ke
i
Ia
r
e

P

» 2
S Jc S B s o B e o e i 5
10 15
Damptdruck - vapour pressure - pression de vapeur

u

20

R AT L
Hierhal b

1 (ARRPINY

.\;:1,:(4 lRE

S

0

Kul» SR EN NS

T T T A P M N N A AT S
3409s ainEeladwae] - QNG AIp - JSISWOWIAY | SBUSN01]

otk .%.%&&&2&&&%%&

Figure 21: Mollier chart for dryer T-101 [68]
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4.4.2 Condenser K-301

Gases from pyrolysis reactor are introduced to condenser K-301 at temperature 480 °C and
rate 507 kg/h, out of which 166 kg/h are non-condensable pyrolysis gases and 341 kg/h are
gases condensable that form pyrolysis oil compound. The expected temperature of pyrolysis
oil condensation is 60 °C [13], [21] and to ensure condensation of gas, approx. 840 kJ/kg of
latent heat must be removed [69], [70] and gas specific heat capacity is suggested
1.1 kJ/(kg'K) [71]. After condensation at condensation temperature, oil is pumped through
the heat exchanger W-301 to cool down to from 60 °C to 20 °C. A portion of already
condensed oil ensuring condensation of upcoming pyrolysis gases is pumped back to the
system and sprayed from the top of the quencher. The remaining oil is stored as a product.

First of all, the amount of heat necessary to be removed for gas cooling and oil condensation

is calculated:
Qconp = (my, + mg) - cpg * (Trgac — Tconp) +my, - by, (12)
_ (341 1 166) 1.1- (480 — 60) + 341 840
COND ™ 3600 ' 3600 (13)
=144 kW.

The amount of circulating oil, necessary for gas condensation (assuming it has temperature
20 °C after being cooled and temperature might rise up to 60 °C) is calculated. Assumed oil
specific heat capacity is 2.5 kJ/(kg'K) [71].

Qconp
m = . 14
CIRre cr - (Tecono — Trcoor) (14)
144 kg
e ———— = 1 4 _—
Meire = 35 g0 = 20) S000 =184 4 (15)

For sake of good order, the heat duty of heat exchanger W-301 that cools all condensed oil
from 60 °C to 20 °C is calculated:

Qcoor = (my, + mere) * 1 * (Teonp — Trcoor) (16)

341+ 5184
QcooL = % 2.5-(60 —20) = 153 kW. 7)
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4.4.3 Combustion chamber D-401

Firstly, the amount of energy that can be acquired thanks to the combustion of unreacted
biomass, char and pyrolysis gas is calculated. The reported lower heating value of wood
biomass is 15.6 MJ/kg [72], char is 27.5 MJ/kg [73] and gas is 9.5 MJ/Nm? at 101325 Pa
and 273 K [74].

Table 4: Example of pyrolysis gas composition [13]

Compound Mole percent [%0] Molar mass [kg/kmol]
Methane CH4 8 16.04
Carbon dioxide CO2 20 44.01
Carbon monoxide CO 20 28.01
Hydrogen H2 38 2.02
Nitrogen N2 14 28
Pyrolysis gas 100 20.4

The first step is to transpose the undesirable unit of gas heating value. The equation of state
to transfer mass flow of gas into volume flow at given conditions can be used. The molar

mass of gas is taken from a usual pyrolysis gas composition as 20.4 kg/kmol (see Table 4).

ve=re T (18)
¢ p-Mg '
166-8.314- 273 m3
V.= =182 —. 19
™ 101.325-20.4 hod (19)
Heat power gained from combustion is given as:
QCOMB =mB'LHVB+mc'LHVC+VG'LHVG, (20)
_ 8 15.6 - 1000 + a4 27.5-1000
Qcoms = 3550 1> 3600
(21)
+ 182 9.5-1000 = 1241 kW
3600 B '

Amount of air necessary for combustion is calculated, assuming 1.5 oxygen excess ratio
compared to pyrolysis gas molar flow [72] and air-fuel mass flow ratio for biomass and char
combustion as 6 [73]. Firstly, equations that describe the combustion of non-inert pyrolysis

gas compounds are written:
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1
CO +5 0, = COy, (22)

1
H, + 3 0, - H,0, (23)

CH, + 2 0, > CO, + 2 H,O0. (24)

The amount of oxygen required for pyrolysis gas combustion with the desired excess ratio

is calculated:
n n n mg
nOZ = AG ) (CCO b 05 + CHZ b 05 + CCH4 ) 2) ) MG, (25)
=1.5-(0.2-+0.38-0.5 + 0.08-2) 166—55km01 (26)

Thanks to it, the mass flow of required air is calculated, assuming its molar mass as
29kg/kmol [75]:

n
myg = ni “Myig + Ac - me + Ag - mg, (27)
Co24IR
5.5 k
mAIR=m29+644+698=1611F‘Zr (28)

According to [76], [77], 4 % of biomass after combustion turns into ash and 7 % of char
turns into ash after combustion, according to [78]. Therefore, the amount of ash can be

calculated:
Mysy = Mc * Chsuc + Mp * Chsup, (29)

kg

My = 440,07 +98-0.04 =7 ——

: (30)

Applying mass conservation law to the combustion chamber with unreacted biomass, char,
sand, pyrolysis gas, and air as input and sand, ash and flue gas as output can determine
the amount of flue gas leaving the combustion chamber:

MrpLyEGas = Mair + Mp + M + Mg — Mygy, (31)

kg
mFLUEGAS = 1611 + 98 + 44‘ + 182 - 7 = 1928 hour' (32)
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Heat duty required to heat inputs up to combustion temperature from corresponding
temperature of the material before entering the combustion chamber is calculated. Air is

assumed with a mean specific heat capacity of 1.06 kJ/(kg'K) [79]:

Qarr = Mg * cpair * (Tcoms — Tams)s (33)
1611 -1.06 - (850 — 20) = 394 kW. (34)
Quir = 3600 =

Char is expected to have a mean specific heat capacity of 1.7 kJ/(kg'K), according to [80]:
Qc =m¢ - c¢c* (Tecoms — Treac) (39)

_ 4 -1.7 - (850 — 480) = 8 kW. (36)
Qc = 3500 -

Gas with the specific heat capacity of 1.1 kJ/(kgK), according to [71], is assumed:

Q¢ =mg - ¢ ' (Tcoms — Tconn)s (37)
166

_ 60 = 38

Qg = 555+ 1.1+ (850 — 60) = 40 k. (38)

Unreacted biomass is assumed to have a mean specific heat capacity of 3.7 kJ/(kg'K) [80]:

Qg =mg - cg* (Tcomp — Treac): (39)

o8 -3.7 - (850 — 480) = 37 kW. (40)
%5 = 3500

Heat exchanger W-402 serves to cool flue gas from combustion temperature down to
the temperature of surrounding, utilizing this heat duty to heat air entering dryer T-101.

Specific heat capacity of air is supposed to correlate with that of flue gas:

QrLuecas = MrLuecas * Cpair " Tcoms — Tamp), (41)
1928
QrLuEGas = 3600 -1.06 - (850 — 20) = 470 kW. (42)

In the combustion chamber, heat is generated by the combustion of unreacted biomass, char
and pyrolysis gas. Some of the heat is utilized to heat inputs up to reaction temperature, some
heat is removed by flue gas and remaining heat that is generated in the chamber must be
removed by being transferred to circulating sand in order to ensure no accumulation of heat
takes place. This determines the amount of circulating sand with its specific heat capacity of
0.83 kJ/(kgK) [81]:
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_ QCOMB - QC - QG - QB - QAIR - QFLUEGAS

m = ) (43)
SAND csanp * (Tcoms — Treac)

1241 -8-40—-37—-394—-470 3456 kg a4

TMsaND = 0.83 - (850 — 480) - hour Y

The complete diagram of the energy balance for the combustion chamber can be seen in

Figure 22.
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Figure 22: Sankey diagram for energy balance
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4.4.4 Pyrolysis reactor K-201

Firstly, the amount of heat power required to be transferred from sand to biomass to drive

the pyrolysis reaction is calculated. This energy consists of:

e The heat required to raise the temperature of dry biomass from 20 °C up to 480 °C.
e Latent heat of evaporation for the remaining portion of water to evaporate.

e Reaction enthalpy for that mass flow of biomass that was decomposed to pyrolysis
products.

Specific heat capacity of biomass is taken as the mean between reaction and ambient
temperatures from [80], a small portion of the remaining water in it is considered as
negligible for specific heat capacity value. Latent heat of water evaporation is taken from
[82] and reaction enthalpy for pyrolysis is estimated 400 kJ/kg from [83]:

Qreac = Mppryer * €8 * (Treac — Tamp) + Mpreep - Wour * hw

. (45)
+ [mppryer * (1 — woyr) —mg] - hpyro»
= 650 2.1-(480 — 20) + 1000 0.05- 2256
Qreac = 3¢50 2 3600 (46)

+[650 (1 —0.05) %8 400 = 263 kW
3600 ' 3600 B '

4.4.5 Sand cooler W-401

Mass flow of sand that leaves the combustion chamber at 850 °C is utilized to transfer heat
duty in the pyrolysis reactor. Input temperature of sand can be calculated from the knowledge
of energy required to drive the reaction, further determining the heat duty of sand cooler that

serves to control the reaction:

QrEac
Tsanpcoor = ——————— + Treac (47)
MgaND ° CSAND

263
TsanpcooL = 3asg -t 480 = 810 °C. (48)

3600 0.83
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The heat duty of the heat exchanger W-401 can be calculated:

Qsanpcoor = Msanp * Csanp * (Tcoms — Tsanpcoor), (49)
3456
QsanpcoolL = ﬁ 0.83- (850 — 810) = 32 kW. (50)

4.5 Energy supply for pyrolysis reaction

As can be seen in Figure 14 which shows a scheme of reference technology to this model,
there is no other fuel stream required to run the process and also excess heat is utilized to
produce steam and electricity. This signalizes a major difference compared to other
technologies stated in Chapter 3.5, that required external energy flow entering the pyrolysis
reactor obtained e.g. by burning natural gas. This was confirmed by [21], as the process itself
requires start-up of the facility by burning natural gas to heat circulating sand, afterward
there is no further need to input any external energy, combustion of char, unreacted biomass
and pyrolysis gas is sufficient to cover the required heat in pyrolysis reactor as well as
the dryer. As reported in [84], EMPYRO facility in the Netherlands operates with wood
moisture of 10-12 wt. %. From the author’s point of view, this wood could be considered
rather dry. It really depends on the available quality of wood chips feedstock, so the author
assumed moisture of wood for this model of 40 wt. %. There are 4 external energy streams
present in the process flow diagram with two biggest values of Q1 — the energy required to
heat drying air and Q3 — the energy available in flue gas leaving the combustion chamber.
As can be seen, there is no external energy stream required to run the reaction in the pyrolysis
reactor. Additionally, calculated excess energy in flue gas stream Q3 is greater than required
energy in stream Q1, therefore this technology with given process parameters and properties
that are used in the model is self-driven. Once the process is started-up, e.g. by burning
natural gas, it becomes self-sustainable and is only controlled by the plant operator. This
calculation could be considered confirmed by the successful realization of reference
technology [21].
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4.6 Critical moisture

As the excess heat from combustion is taken out by flue gas, it could be used to heat air in
the dryer that then removes excess water from wood chips, there must be a limiting critical
moisture content of wood that indicates maximal wood moisture that still secures continuity
of process without additional heat. A script that calculates this value of moisture can be seen
in Annex 2. According to the author’s results, this value should be approx. 47 wt. %.
As reported in [63], the value proposed by reference technology is 55 wt. %, which indicates

solidly corresponding value.
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5 PYROLYSIS OIL ANALYSIS AND DISCUSSION

This chapter was developed thanks to cooperation with UniCRE, namely Ing. et Ing.
Katetina Svobodova and Ing. Jifi Hajek, MBA. A basic analysis of three pyrolysis oil
samples from various feedstocks and their comparison is provided. There is a pyrolysis bio-
oil from EMPYRO, the Netherlands; tires pyrolysis oil and plastics pyrolysis oil. Analysis

and data from these samples that can be seen in Table 5 and Table 6 were provided by [85].

5.1 Pyrolysis oil analysis

Table 5 shows the chemical composition of pyrolysis bio-oil. Very high content to oxygen
has to be taken into consideration because it indicates low energy density, corrosion
propensity, might be the reason for chemical instability and causes poor miscibility with
hydrocarbons [86], [48]. The water content was not measured, literature usually states 15-30
wt. %, leading to lowering the heating value. On the other hand, it also improves flow

characteristics that are beneficial for pumping pyrolysis oil [86].

Table 6 shows the properties of previously mentioned pyrolysis oil samples, that might help
during the eventual design of the oil section (see Chapter 4.2.3) and also to thoroughly
consider oil storage and transportation. Relatively high-density value might indicate higher

content of high-molecular matter (resin), lignin oligomers, etc. [85].

Bromine number indicates the contribution of unsaturated hydrocarbons in the sample and
can be used as an indicator of chemical stability. Generally, from the industrial perspective,
lower bromine number indicates that less hydrogen is required to transform unsaturated
hydrocarbons into saturated ones in hydrotreating processes, while higher bromine number
predicates the opposite [85], [87]. As can be seen in Table 6, pyrolysis bio-oil has lower

bromine number than the other two samples from different feedstocks.

Energy density represented as the higher or lower heating value was not evaluated. Literature
data show higher heating value varying from 15 up to 20 MJ/kg [41], [86]. According to
the statistical approach by [88], [89], the value can be determined based on carbon, hydrogen
and oxygen content. For the available analysis of pyrolysis bio-oil (see Table 5), this value
was calculated as 17.4 MJ/kg, correlating with literature research. These values are approx.
half the amount of fuel oil heating value which is usually up to 40 MJ/kg [86], [90].
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In order to achieve the better composition of pyrolysis oil, therefore better properties and
better possible utilization at refineries, use of catalysts during pyrolysis is suggested and

overview can be found in [91].

Table 5: Pyrolysis bio-oil composition [85]

Element Content
Carbon 44.9 wt. %
Hydrogen | 6.69 wt. %
Nitrogen 717 mg/kg
Sulfur 24.5 mg/kg
Oxygen | 48.33 wt. %
Chlorine 4.7 mg/kg
Calcium | 13.7 mg/kg
Magnesium | 4.56 mg/kg
Potassium | 11.3 mg/kg
Lead <0.2 mg/kg
Vanadium | <0.2 mg/kg
Iron 1.62 mg/kg
Sodium 2.74 mg/kg
Manganese | 2.01 mg/kg

Balance of pyrolysis for lignocellulosic wastes

47



Table 6: Pyrolysis oil samples properties [85]

_ o Tires pyrolysis Plastics
Parameter Unit Bio oil i o
oil pyrolysis oil
Density [15 °C] kg/m3 1217.98 862.97 773.03
Kin. viscosity
mm?/s 37.35 1.23 1.44
[40 °C]
Pour point °C -17 <-70 1
Bromine
g Br/100 g 7.13 104.86 42.93
number

5.2 Pyrolysis oil application

One of the easily approachable ways to utilize pyrolysis oil is its combustion as fuel oil. This
possibility is already applied in the industry as can be seen in Chapter 2.2.2, where actual
trends are described, as well as in literature resources [86], [48]. Bio-oil can be combusted
e.g. in diesel engines or turbines. However, a slight modification might be required to
balance previously described properties or compounds of pyrolysis oil that differ from
typical fuel oils [21]. From the author’s point of view, this application might be the most
easily applicable, however, this requires a transformation of biomass into fuel by pyrolysis
unit. Better storage, transportation, and energy density might differ compared to raw
biomass. Potentially, a small pyrolysis unit might be placed at agriculture area, utilizing its
residues with pyrolysis and selling the produced oil.

Another potential of pyrolysis oil might be in technologies processing petroleum residues.
Fluid catalytic cracking that transforms high-molecular substances into other desirable
products might be suitable [9]. It was found by [61], [92], that around 5-10 wt. % of pyrolysis
oil may be added to feed of fluid catalytic cracking, resulting in little or no impact on product
yield and quality. Thermal cracking in a heated furnace (visbreaking or coking) might also
be considered [93], [85]. Hydrocracking, which combines the cracking of larger molecules
and hydrogenation at the same time could also be used [9], [85]. In addition to the desired
lighter products, there is a potential to obtain a solid product for fertilizers production or
quality coke with good sorption properties or carbon black for the rubber industry.

Nevertheless, additional research is necessary [85].
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In order to utilize pyrolysis oil in previously described refinery processes in the future, some
technological improvements are suggested. Namely, partial condensation of primary product
gas that would lead to receiving desired pyrolysis oil fractions such as gasoline fraction (up
to approx. 180 °C), diesel fraction (up to approx. 360 °C) and the heavy residue. Utilization
and processing of these fractions would be then more feasible on existing refinery
hydrotreating units for fuel production, for example in the form of co-processing with
standard crude oil feedstock. Hydrotreating consists of several processes. Undesirable
oxygen contained in the bio-oil feed is removed in the form of water via
hydrodeoxygenation, similarly sulfur and nitrogen in hydrodesulphuration and
hydrodenitrogenation processes, respectively. Concurrently hydrogenation of unsaturated
hydrocarbons takes place. The hydrogen consumption varies and is closely related to

oxygen, sulfur, nitrogen and total unsaturated hydrocarbons content in the feedstock [85].

Generally, the analysed sample of bio-oil contained a small amount of unsaturated
hydrocarbons (low bromine number) as well as sulfur, most of the hydrogen would be then
consumed for hydrodeoxygenation. Thanks to the process of hydrodeoxygenation, unwanted
oxygen would be excluded in the form of water. Hydrogenating processes would then
transform unsaturated hydrocarbons into saturated ones. Hydrogen consumption for this
process is the smaller the lower bromine number is [85]. Heavy residues, that could be
contained up to 50 wt. % in bio-oil depending on its origin would be possibly further utilized
in one of the previously described technologies for heavy residues processing or used as fuel

oil depending on their composition and properties [85].

The aromatics content was not analytically measured. Available liquid chromatography
method could not have been applied, the sample of bio-oil was not soluble in the used solvent
(n-heptane). Nevertheless, literature sources suggest the content of aromatic and other
valuable compounds which could be recovered for further utilization in the petrochemical
industry [48], [86].
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SimDist distillation curve of pyrolysis oil samples can be seen in Figure 23. Simulated
distillation is a fast gas chromatography method used to characterize petroleum fractions and
products since it permits the quick determination of their boiling range distribution. Sample
preparation for this analysis consists of dissolution in carbon disulfide. The bio-oil sample
was not completely soluble in this solvent, therefore the SimDist was provided only for
the dissolved minor part of the sample.

Simulated distillation curve
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Figure 23: Simulated distillation curve
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6 CONCLUSION

The thesis provides a summary of waste management, mainly of biomass waste. Several
treatment possibilities are listed and thermochemical conversion methods are further
analyzed with a focus on pyrolysis. Research of currently running pyrolysis plants in
worldwide scale is noted. Pyrolysis is described in terms of process conditions, the suitability
of various materials as feedstock, models describing material decomposition and utilization

of its products.

In literature, industrial and patent research, several variations of pyrolysis reactors are listed
and further analyzed from plant operator’s point of view and the current trends in pyrolysis
topic. Based on these reactors, a few schemes that were proven suitable for pilot or industrial

scale pyrolysis are described.

The main part of this thesis is the creation of process flow diagram and appropriate mass and
energy balance calculations. Data provided by the plant operator as well as data found in
the literature were used with an emphasis on easy modifications of the model if certain
values need to be clarified or changed. Process flow diagram provides a list of process units,

components streams with designed temperature and mass flow and external energy flows.

Next, the process of pyrolysis is checked in terms of energy requirement and confirmed as
possible to run the plant in steady continuous mode after start-up without external energy
sources, depending on by-product utilization in terms of providing fuel to drive the process

and critical moisture of biomass that is determined by the quality of the feedstock.

Lastly, the pyrolysis oil utilization was discussed. It turns out, that at this very moment,
the best solution appears to use it as fuel oil, because of its undesirable composition, mainly
content of oxygen and high-molecular compounds. These could cause technological
problems at existing oil refineries. In order to improve pyrolysis oil processing, some
upgrade possibilities were noted, mainly fluid catalytic cracking or partial condensation that

would separate lighter fractions from those heave fuel oil ones.
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Annex 1: Mass and energy balances

clear all
clc

PROPERTIES

cps = 0.83; % sand specific heat capacity ki/kgk
cpg = 1.1; % gas specific heat capacity kJ/kgk
cpa = 1.06; %air specific heat capacity kJ/kgk
cpash=1;

rhog=1.1; % gas density UNUSED?

rhoa=1.1; %air density UNUSED?

hevap=2256.4; %kj/Kg latent heat of water evap. 100 °C
hreac=400; %kj/kg

Mg=30; %gas molar mass kg/kmol Model_14

Ma=29; %air molar mass

TR = 480; % reaction temperature

Tok = 20; %surrounding temperature

Toilc=60; %011 condensation temperature’C

INPUT

mbin 1000; % input biomass flow kg/hod
wbin = 40; % biomass moisture % weight

DRYING

wbout = 5; % required output biomass moisture %
mwout = mbin*(wbin-wbout)/100; % water flow output kg/hod
mbdry = mbin-mwout; % biomass flow output kg/hod

REACTOR - comparative model (function reakce7.m)

MO=[mbdry 0 0 0];
time=0:0.001:3;
[t,x]=o0de23s(@reakce7,time,M0);
x1m=100. *x./mbdry;

tR=2.5;
tRvis=tR.*(ones(101,1));
tRvis2=(0:1:100);

figure (1)

plot(time,x1lm, 'Linewidth',2)
hold on
plot(tRvis,tRvis2, 'k', 'Linewidth',0.5);



legend('biomass', 'char','tar','gas', 'composition at reactor outlet representation')
grid on

title('Comparative model")

xlabel('Time [s]")

ylabel('wt. [%]"')

hold off

tRindex=tR/(time(2)-time(l));

mbr=x(tRindex,1);
mcr=x(tRindex,2);
mlr=x(tRindex, 3);
mgr=x(tRindex,4);

cpb=cpbmean ((TR+Tok) /2);

Ereg=(mbdry/3600*cpb* (TR-Tok)+mbdry*wbout/100/3600*hevap+hreac* (mbdry* (1-wbout/100) -
mbr) /3600) ;

Comparative model
T

100 T T
i biomass ]
90 char
tar
80 gas 7
70 composition at reactor outlet representation
60 T
X
= 50 i
E
40
30
20
10 |
D I
0 0.5 1 1.5 2 2.5 3

Time [s]

COMBUSTION reaction 1

LHVg=9.49%*1000;
cch4=0.08;
cco2=0.2;
cco=0.2;
ch2=0.38;
cn2=0.14;

Mch4=16.04;
Mco2=44.01;



Mco=28.01;
Mh2=2.02;
Mn2=28;

Mg=cch4*Mch4+cco2*Mco2+cco*Mco+ch2*Mh2+cn2*Mn2;
mg=101.325*1*Mg/8.314/273;
LHVg=LHVg/mg;

LHVb=15.6*1000;
LHvVCc=27.5%1000;

EcR1=LHVCc*mcr/3600; % Energy from char combustion kw
EgR1=LHVg*mgr/3600; %Energy from pyro gas combustion kw
EbR1=LHVb*mbr/3600; %Energy from biomass combustion kw

Egain=ECR1+EgR1+EbR1; %kw Energy from combustion
EbalanceRl = EcR1+EgR1+EbR1-Ereq; % Mw energy balance - positive good, negative bad
0ilyieldrRl = mlr/(mlr+mcr+mgr)*100; %weight yield of oil

ENERGY COMBUSTION

Toc=850; %°C combustion temperature

vg=mgr/mMg;

Tambda=1.5;
no2=Tambda*(cco*0.5+ch2*0.5+cch4*2)*vg;
mair=no2/21*100*Ma+6* (mcr+mbr) ;

wbash=4; % %ash in biomass
wcash=7; %%ash v char

mash=mbr*wbash/100+mcr*wcash/100; % ash flow kg/hod
mflue=mair+mgr+mbr+mcr-mash; %fluegas flow kg/hod

Qa=mair/3600*(Toc-Tok)*cpa; % kw required to heat air
cpc=cpcmean((Toc+TR) /2);

Qc=mcr/3600* (Toc-TR) *cpc; % kw required to heat char
Qg=mgr/3600*(Toc-Toilc)*cpg; % kw required to heat gas
cpb=cpbmean((Toc+TR) /2);

Qb=mbr/3600* (Toc-TR) *cpb; % kw required to heat biomass

Qflue=mflue/3600* (Toc-Tok)*cpa; % kw to be taken out in flue gas

Eremaining=Egain-Qc-Qg-Qa-Qb-Qflue; % kw available power in combustion chamber
Efluegascooler=Qflue; %kw in flue gas output

SAND COOLER

ms=Eremaining/cps/(Toc-TR);
Qscool=Eremaining-Ereq;
Tscooler=Ereq/ms/cps+TR;



DRYER

TDBO = 20; %°C

RHO=70; %%

p=101.325; %kpa
[h0,x0]=psych(TDBO,RHO, p) ;
TDB1=80;

RH1=0:0.001:100;

for i=1:Tength(RH1)
[h1t(i),x1t (i) ,wlt(i),plt(i)]=psych(TDB1,RH1(i),p);

end
i=1;
while abs(x0-x1t(j))>0.00001

J=i+1;
end
hl=h1t(j);
x1=x1t(j);

TDB2=0:0.0001:TDB1;
RH2=70;

for k=1:1ength(TDB2)
[h2t (k) ,x2t (k) ,w2t (k) ,p2t(k)1=psych(TDB2 (k) ,RH2,p);
end
1=1;
while abs(h1l-h2t(1))>0.001
1=1+1;
end

h2=h2t(1);
x2=x2t(1);

mdryair=mwout/(x2-x0); %kg/h air to dryer
Qdryer=mdryair/3600*(h1-h0); %kw to heat air
Qdryer;

BalanceDryer=Qflue-Qdryer;

OIL COOLER

hcond=840; %

Toilc=60; %°C

Toi1b=200; %°C

cpoil=2.5; %kj/kgkK

moilc=(mgr+mlr)/3600;
Qoilcond=hcond*mlr/3600+moilc*cpg*(TR-Toilc); %kw
moilloop=QoiTlcond/(cpoil*(Toilc-Tok));
QoildochT=(mTr/3600+moi110o0p)*cpoil*(Toilc-Tok);
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function dmdt = reakce7 (t,m)

A=[3.27e6 1.08e10 4.38e9 le5 4.28e6];
E=[111.7 148 152.7 108 108].%*1000;
T=480+273;

R=8.314;
k=A.*exp(-E./(R*T));

dmdt=zeros(4,1);

dmdt (1)=m(1)*(-k(1)-k(2)-k(3)); %biomass

dmdt (2)=m(1)*k(1)+m(3)*k(4); %char

dmdt (3)=m(1)*k(2)-m(3)*k(4)-m(3)*k(5); %1liqud
dmdt (4)=m(1)*k(3)+m(3)*k(5); %gas

end
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function cpb = cpbmean(T)

% Simpson and Tenwolde (1999)
T=T+273.15;
cpb=0.1031+0.003867*T;

end
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function cpc = cpcmean(T)

% Simpson and Tenwolde (1999)
T=T+273.15;
cpc=1.43+0.355e-3*(T)-7.32e4/(T)A2;
end
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% Psychrometric properties for moist air

% https://github.com/SSESLab/psychrometrics

% provided dry bulb temperature (Celsius), relative humidity (%),
% and total atmospheric pressure (kPa)

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0/0/0/0/0/0/0,

% Equations coded by Gabriel Legorburu%

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0/0/0/0/0/0/0,

0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0,

% Amanda D. Smith %
% amandadsmith@gmail %
% Created 2017-07-19 %
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0000000000%%%%%00000000%

function [enthalpy, omega, wetbulb, Psat] = psych(DB_air_in,RH,p_kPa)
p_total = p_kPa*1000; % Convert to Pa

%{Calculating air properties}%
%{Coefficient values from ASHRAE fundamentals handbook section 1.123}%
cl=-5.6745359e+03;
€2=6.3925247e+00;
c3=-9.6778430e-03;
c4=6.2215701e-07;
c5=2.0747825e-09;
c6=-9.4840240e-13;
C€7=4.1635019e00;
c8=-5.8002206e+03;
c9=1.3914993e+00;
c10=-4.8640239e-02;
cl1=4.1764768e-05;
c12=-1.4452093e-08;
c13=6.5459673e00;
T=DB_air_in+273.15;

if DB_air_in >= 0
pws=exp (c8/T+c9+c10*T+c11*TA2+c12*TA3+c13*10g(T)); %{Pa saturation pressure, EQN 6}%
pw=0.01*RH*pws; %{partial pressure of water vapor Eqn 24}%
W_in=0.621945*pw/(p_total-pw); %{humidity ratio Eqn 22}%
Ws=0.621945*pws/(p_total-pws); %{moist air saturation ratio Eqn 23}%
h_air_inlet=1.006*DB_air_in+w_in*(2501+1.86*DB_air_in); %{kj/kg, Eqn 323}%

if DB_air_in < 0
pws=exp (cl/T+C2+C3*T+C4*TA2+C5*TA3+Cc6*TA4+c7*1og(T)); %{Pa saturation pressure, EQN 5}%
pw=0.01*RH*pws; %{partial pressure of water vapor Eqn 24}%
W_in=0.621945*pw/(p_total-pw); %{humidity ratio Eqn 22}%
Ws=0.621945*pws/(p_total-pws); %{moist air saturation ratio Eqn 23}%
h_air_inlet=1.006*DB_air_in+w_in*(2501+1.86*DB_air_in); %{kj/kg, Eqn 323}%

end

%wet Bulb emperical equation from RH and DB: wWet-Bulb Temperature from

%Relative Humidity and Air Temperature, Roland Stull https://doi.org/10.1175/JAMC-D-11-
0143.1
WB_air_in=DB_air_in*atan(0.151977*(RH+8.313659)A0.5)+atan(DB_air_in+RH)-atan(RH-
1.676331)+0.00391838*RHA(3/2)*atan(0.023101*%RH)-4.686035;

enthalpy = h_air_inlet; % Convert to kg
omega = W_in;
wetbulb = WB_air_in;

Psat = pws;

end
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Annex 2: Critical moisture

clear all
clc

PROPERTIES

cps = 0.83;
cpg = 1.1;
cpa = 1.06;
cpash=1;
rhog=1.1;
rhoa=1.1;
hevap=2256.4;
hreac=400;
Mg=30;
Ma=29;

TR = 480;
Tok = 20;
Toilc=60;

INPUT

mbin = 1000; % input biomass flow kg/hod
wbinsug = 40:1:60; % biomass moisture % weight

for n=1:1ength(wbinsug)

wbin=wbinsug(n);

DRYING

wbout = 5; % required output biomass moisture %

mwout

mbin*(wbin-wbout)/100; %

water flow output kg/hod

mbdry = mbin-mwout; % biomass flow output kg/hod

REACTOR - comparative model (function reakce7.m)

MO=[mbdry 0 O 0];
time=0:0.001:3;

[t,x]=0de23s(@reakce7,time,M0);

x1m=100.*x./mbdry;
figure (1)
plot(time,x1m)
hold on

legend('biomass', 'char', 'tar', 'gas')



grid on

title('Comparative model")
close

tR=2.5;
tRindex=tR/(time(2)-time(l));

mbr=x(tRindex,1);
mcr=x(tRindex,2);
mlr=x(tRindex,3);
mgr=x(tRindex,4);

cpb=cpbmean ((TR+Tok) /2);
Ereg=(mbdry/3600*cpb* (TR-Tok)+mbdry*wbout/100/3600*hevap+hreac* (mbdry* (1-wbout/100) -
mbr) /3600) ;

COMBUSTION reaction 1

LHVg=9.49%*1000;
cch4=0.08;
cco2=0.2;
cco=0.2;
ch2=0.38;
cn2=0.14;

Mch4=16.04;
Mco2=44.01;
Mco=28.01;
Mh2=2.02;
Mn2=28;

Mg=cch4*Mch4+cco2*Mco2+cco*Mco+ch2*Mh2+cn2*Mn2;
mg=101.325*1*Mg/8.314/273;

LHVg=LHVg/mg;

LHVb=15.6%*1000;

LHVCc=27.5%*1000;

EcR1=LHVCc*mcr/3600; % Energy from char combustion kw
EgR1=LHVg*mgr/3600; %Energy from pyro gas combustion kw
EbR1=LHVb*mbr/3600; %Energy from biomass combustion kw
Egain=ECR1+EgR1+EbR1; %kw Energy from combustion

EbalanceRl = EcR1+EgR1+EbR1-Ereq; % MW energy balance - positive good, negative bad
0ilyieldrRl = mlr/(mlr+mcr+mgr)*100; %weight yield of oil

ENERGY COMBUSTION

Toc=850; %°C

vg=mgr/Mmg;
Tambda=1.5;
no2=lambda*(cco*0.5+ch2*0.5+cch4*2)*vg;



mair=no2/21*100*Ma+6* (mcr+mbr) ;

wbash=4;
wcash=7;

mash=mbr*wbash/100+mcr*wcash/100;
mflue=mair+mgr+mbr+mcr-mash;

Qa=mair/3600*(Toc-Tok)*cpa; % kw required to heat air
cpc=cpcmean((Toc+TR) /2);

Qc=mcr/3600*(Toc-TR) *cpc; % kw required to heat char
Qg=mgr/3600* (Toc-Toilc)*cpg; % kw required to heat gas
cpb=cpbmean((Toc+TR) /2);

Qb=mbr/3600*(Toc-TR) *cpb; % kw required to heat biomass

Qash=mash/3600* (Toc-Tok) *cpash; %kw to be taken out in ash
Qflue=mflue/3600* (Toc-Tok)*cpa; % kw to be taken out in flue gas

Eremaining=Egain-Qc-Qg-Qa-Qb-Qflue-Qash; % kw available power in flue gas
Efluegascooler=Qash+Qflue; %kw in flue gas output

SAND COOLER

ms=Eremaining/cps/(Toc-TR);
Qscon=Eremaining-Ereq;
Tscooler=Ereq/ms/cps+TR;

DRYER

TDBO = 20; %°C

RHO=70; %%

p=101.325; %kpa
[h0,x0]=psych(TDBO,RHO,p) ;

TDB1lsug=50:1:80;

for m=1:Tength(TDB1lsug)
TDB1=TDBlsug(m);

RH1=0:0.1:100;

for i=1:1ength(RH1)
[h1t(i),x1t(i),wlt(i),plt(i)]=psych(TDB1,RH1(i),p);
end
i=1;
while abs(x0-x1t(j))>0.001
J=3+1;
end
hl=h1t(j);
x1=x1t(j);

TDB2=0:0.1:TDB1;
RH2=70;

for k=1:1ength(TDB2)



[h2t (k) ,x2t (k) ,w2t (k) ,p2t(k)]=psych(TDB2(k),RH2,p);
end
1=1;
while abs(hl-h2t(1))>1
1=1+1;
end

h2=h2t(1);
x2=x2t(1);

mdryair=mwout/(x2-x0) ;
Qdryer=mdryair/3600*(h1-h0);

BalanceDryer(m)=Qflue-Qdryer;
end
result(n)=max(BalanceDryer);

end
o=1;
while result(o)>0
0=0+1;
end
wbincritical=wbinsug(o);

wbincritical =

47
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Annex 3: Process flow diagram

COMBUSTION
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EQUIPMENT TABLE

TYPE |DESCRIPTION

A-201 GAS FLARE
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